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B STERNLICHT # Flastic and Damping Properties of 


General Engineering Laboratory, 
General Electric Company, 


scmeaody. MY. Cylindrical Journal Bearings 


Introduction mined from the solution of Reynolds two-dimensional equation 
with squeeze-film considerations included. 

* knowledge of hydrodynamic damping and elas- The paper is divided into four parts: (1) Derivation of the 
tie properties of journal bearings is desirable for the accurate de- equations; (2) consideration of special cases; (3) solution with 
termination of the critical speed of a shaft and for the anticipa- arbitrary direction for the squeeze-film velocity; (4) conclusions 
tion of its behavior in the neighborhood of such speeds. It is and recommendations 
also required for judging the stability of the rotating shaft against 
self-excited vibrations [1, 2, 3].! Derivation of Equations 

The equations that describe the motion of the journal cente1 : 
may be given by the diff rential equation ey nolds equation sO8 two-dime nsional flow with squeeze-filin 
; effect is the starting point for the analysis of the journal bearing 
Mz + B..z 4 K,,7 + K,,y = Geos(wt + @ It is written in the following form for the configuration in Fig. 1 


a2 ye iz 


My + B, K,.« + K,y = Gsin(wt + @) | Oo (h'*\ oP o/h" oP" \ , Oh’ ovr 
: v: y ae | = 6l ~ 12) 


yz v 

Ox we’ Ox’ dz gu’ Oz’ J ox’ 
The stiffness and dissipation functions in this equation are de- 
pendent on Sommerfeld numbers and therefore, in turn, on the AY 
eccentricity ratio. This paper gives values for these parameters 
as functions of eccentricity ratio. These parameters are deter- 


Numbers in brackets designate References at end of paper 

Contributed by the Lubrication Division of THe American So 
CIETY OF MECHANICAL ENGINEERS and presented at the ASLI 
ASME. Lubrication Conference, Los Angeles, Calif., October 13-15 
1958 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society Manuscript received at ASME Headquarters, July 11 


1958. Paper No. 58—Lub-3 Fig. 1 Co-ordinate axes of bearing 


Nomenclature 





coefficients attitude angle, deg Superscripts 

dissipation function, |b sec/in. 8 = angle between journal locus and ’ = dimensional 
, : the line of center, deg : iteration number 

liametral clearance, in. 

. increment first derivative 

spe ific heat at constant volume, 


, axis 4 > disp , t 
in?/sec? deg F 7 angle, deg axis along the lisplacemen 

le | t] — axis perpendicular to the dis 
J ‘ rle ot y rT’ w tore 
diameter of bearing, i: . — etween o Pang oe placement 
. , and line of center, aeg : 
eccentricity, in. ; second derivative 

viscosity, lb sec/in.? 

dimensionless force Coaversions 
angular velocity, radian 
rotating torce 


film thickness, ir , 
e ; Subscripts 
stiffness Tunction, |b/ in, 


axial length ot bearing, in index defining the value z in the 


mass of rotor apportioned to the journal bearing mesh running 
, . from lton 
bearing, lb see?/ir 
entricitv rati index defining the value z or @ 
eccen ‘itv ratio 
rps 


pressure psi 


in the journal bearing mesh 
running from 1 to? 


average 
my OOF horizontal 
temperature, deg I vediel 
relative velocity between jour- tangential 
nal and bearing, in/se« t= ae 
squeeze-film’ velocity, ia 


rectangular o-ordinates 


pont 
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Neglecting the effect of curvature, it is possible to analyze a 
cylindrical bearing using the configuration of Fig. 1. The circum- 
ferential co-ordinate is z’ and the width co-ordinate is z’ for a 
journal bearing. The film thickness in the bearing with a certain 
eccentricity e can be calculated approximately from the following 
equation (see Fig. 2): 

o 
e’ cos (6 — (3) 


2 


In order to write Reynolds’ equation in dimensionless form, the 
following dimensionless quantities are defined: 


90°) | 


Substituting (4) into Equation 2) the following dimensionless 


form is obtained for Reynolds’ equation: 

o (= =~) (> ) o (~ ~~ ) oh 
| = Or 

ae \u Or L’ Oz OO: Ox 


Substituting Mquation (4) in Equation (3) we obtain 


2 


+ n cos (@ 
9 


In order to solve this expression the method of finite differences 


will be used. Thus any pressure P,; ; in the field may be repre 


sented by Equation (7 


Pis4 


ij+! Ar? 


K.quation (7) is of the form: 


Pi; = do + QP i441, ; + a,P 5-1, ; 
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Fig. 2 Bearing nomenclature 


Once the size of the field has been selected t is but a matter of 


solving Equation (8) for each point in the field; this is done by an 


SIS the te ld s1Ze Was chosen to he 


iterative process. In this analy 


18 X 18. Note that in Equation (7) both the film thickness and 


fluid viscosity must be known at intermediate points. The film 


thickness at every solved from Equation (6 In 


point can MH 


order to calculate the the energy equation must be 


point from which the viscosity 
ited [4 


assumed; thus average viscosity is considered 


solved for temperature 


at every point can be comp In this analysis isothermal 
conditions are 
issumed that no negative 


Therefor 


issigned a V wue of zero 


throughout the fluid film. It is further 


pressures can eXist at any point in the film 
sures below zero are 


With the 


fluid, it is next possible to calculate the dimensionless components 


dimensionless pressure computed thre 


sy eifie 


ind horizontal direction for the 
' 121 
value of L D', a, ’ ind \ 


ol torce in both vertical 


This is done using the following 


two equations: 
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ECCENTRICITY RATIO 


O 2.4 6 8 I. 
@ 10... 
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ATTITUDE 
ANGLE 








CASE 


UNBALANCE 
FORCE 





SPRING 


' 
FORCE JOURNAL INERTIA 


0 
t ° 
y 


OIL FILM DAMPING FORCE 
CASE I 


Fig.3 Three cases representing journal locus 


Vy = 3 > P, * cos 6;,; Ar A 
i f= 


m n 


Fy= >) 


ArA 


? 


P, ;* sin 6; 
1 


rhe total force is « qual to the sum of the horizontal and vertical 
component 


Considerations of Special Cases 


For a system without driving force such as unbalance, the 


right-hand sides of Equations (1 


12 
film velocity ( 
( 


are equal to zero and the squeeze 
4 

in the Reynolds equation is equal to zero 
Ny! 


Under this condition the journal will follow a steady-state loc 


as represented by case | of Fig. 3 


For vertical shaft machines with plain cylindrical journal] bear 
ings the same reactive hydrodynamic force acts in all directions 


thus the stiffness in all directions is equal. In the absence of un- 


balance force the shaft center will coincide with the bearing 


center. With unbalance force present, the journal center wil 


follow a circular path as illustrated by case II of Fig. 3 


} 


Case III in Fig. 3 represents a locus of journal center in which 


the stiffness and dissipation along the 2 and y-axis are not equa 
This is present in journ il bearings which have no symmetry in the 
quadrants described by two mutually perpendicular axes (e.g 
three lobe bearing, etc.) or for i 


load and 


force, operates with a locus which is not symmetrical about the 


elliptical bearings, journal 


bearing which, in the presence of gravity driving 
bearing center 

Equation (1) is general and applies to all the cases described 
If we consider this equation as applied to bearings then we se 
that all the constants can be determined purely from hydrody- 
namic considerations. Consider a small angular displacement o 


From 


the geometry of the fluid film, it is assumed that the resultant 


the journal da from some position of equilibrium e and a 


film force acting on the journal will not change appreciably in 
magnitude, but will change its direction by the angle of the dis 
placement. Therefore the hydrodynamic forces F, and F, on 
the journal for small displacement (z, y) are [5] 

F’O 


F \z(sin a tan 8 + cos @) 


é 


y (sin a@ — cos a tan 8 
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Ae 
Or Or 


Knowing these forces, the displacement and the velocit the 


stiffness and dissipation can be computed 


f 
KA, Sir 


atanp 


oupling tern 


cross coupling tern 


a sin? a 


B,, and B,, are small in comparison to F 


and therefore mav be neglected 


One of the dynamic operations investigates 


cussed in this paper, produced a pure] radi 
ment. For this case the squeeze film velocit) ra radial 
line and its magnitude is varying. The analvsis 


with a purely radial velocity a maximum damping for 
A further discussion of this point will follow 

Using the nomenclature represented in Fig. 4, results of vertical 
and horizontal compone nts ol torece as functions of eeccentricit) 


Table 1 for three L‘/D 


from sol ition of or 


ratio and radial velocity are 
These 
5 Fig. 5 shows results for L’/D’ = 1 


The values ilong the ordinate for zero radial velocit 


given mn 


ratios results were obtained ition 


jul 


enera nolds’ equation 


Note that wit} 


y steady-state solutions Re 
squeeze film velocity case a Fig 3 
whi h te nds 


ind | 


wting in the direction 


elocit present and 


ise the minimum film thickness, the vertical orizonta 


components of force increase This increase in force is propor 


tional to velocity and it acts in a direction tending to damp out 


the oscillations; it is the damping fores Fig. 6 shows the loc 


of the foree vector as a function of ec and of dif 


ferent radial velocities under counterclockwise journal rotatior 


We note that 


entricit ratio 


is the radial velocit increases in the negative sense 


the angle a between the hydrodynamie force and the displaceme nt 


tends to decrease The reverse s true or increasing positive 


values of the radial velocit 
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Force and velocity nomenciature 


Table 1 


Fy 

33.2 5 o. ‘ .4 5 138 .¢ 
23 . .f 3: : 3. < { 138. 
1] ; j : 5 134. 
4: 4.6 } 32.6 8 § 3.7 127. 
0 | : y 3 102 


wom Cr 


not 


62 3.f 4 e 145. 
41.% 49 3 5 48.5 a3 144. 
19.5 5 24 4! 3¢ 8 142.6 
7 7 ] 35.5 i : 3.2 138. 
l 2 3.4 ( j 4.3 112 
—() ' 3 f 5 331 
—2 -4 5 8 29: 8! 290 
—4 2. 3.6 28 j . 286 
j 5 7 283 .¢ 


300 2 GON 


wOAacw 


153.3 
152.5 
150.7 
145. 

22 

48 
289 
282 
oO” 


wid 


163 
162 
159 
154 


135 


168 
167. 
165 
160 
142 
94 y) 
301 
282.5 
270.0 


rook 


Uti =) de ¢ 
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VELOCITY IN|DIRECTION 7 
DECREASE | INCREASE 
—_—— —————- 
MINIMUM FILM THICKNESS 


4 4 


vel cn’ 
Fig. 5 Dimensionless component of force as a function of dimensionless 
radial velocity 


The values of stiffness and dissipation functions are obtained 
next. It becomes convenient to evaluate these parameters along 
the z’z’ and y’y’-axes 


Thus: 


oF 
sin @ tan O 
OF 


sin @ 


cos @ tan 6 


For the dynamic case under consideration 8 = 0 and the dis- 
placement is only along the y’y’-axis. Therefore the only stiff 


nesses of interest are 


_ OF g 


oe 


oF, 
Of Of 


These parameters are plotted versus eccentricity ratio in Figs. 7 
and 8 

Since the velocity is along the y’y’-axis and since B,’,’ 
in comparison to By,/ only one dissipation function is of interest 
and it is the B,’,’ which is represented by Fig. 9. 


is small 


vv 

The upper branch of the curve is radial velocity in the direction 

tending to decrease the minimum film thickness. The lower 
branch is for the reverse condition. 

Three types of problems can be analyzed using Equation 

the type of problem is defined hereafter 


In the first type the 


Journal of Basic Engineering 


rr 


Fig. 6 Loci of force vector as a function of eccentricity ratio and radial 
velocity 


journal displacement velocity, acceleration, and mass are know! 
Thus from Figs. 7 through 9 it is possible to calculate the stifl 
ness and dissipation functions and from Equation (1 
the driving force. 


( ileul ite 
In the second type of problem, the driving 
force and mass are known. By making few simplifying assump 
tions about the squeeze-film velocity and acceleration it is possible 
to calculate the displacement or amplitude of vibration. In th 
third type of problem it is possible to calculate the critical speed 
of the system in which the fluid film stiffness is included. This 
information is very important in predicting both stability and d 
namic behavior of rotating equipment supported on elastic fluid 
film. 


Solution With Arbitrary Direction for the Squeeze-Film 
Velocity 


Under dynamic operating conditions the journal cente 
The 


cle is the integral of the damping force times 


ilong some loc US 


amount of energy absorbed by th 
system per cy 
sq ieeze-film velocity. The damping force ce pends on eccentricity 
ratio and direction of the squeeze-film velocity 
sized that 
velocity acts along the line of centers in the direction tending to 
film thickness. To verify 


analysis was made for cylindrical journal bearing with L 


It was! ypothe- 


maximum damping occurs when the squeeze-filn 


reduce the minimum this point ar 


1. Solutions were obtained for squeeze-film velocity acti at 


several arbitrary angles to the line of centers. Fig. 10 shows the 
magnitude and direction of the force vector which is computed 
from Equation (5) for the respective directions of squeeze filn 


velocity. The squeeze-film velocity V’/C’N’ in all cases was 


Not 


acted 


equal to 1.2 and it was acting at eccentricity ratio of 0.5 
that the maximum force was calculated when the velocity 
along the line of centers in direction tending to reduce minimun 
film thickness. Table 2 shows the effect 
squeeze-film velocity, and direction on the hydrodynamic fore« 
We note from these results that dissipation B,/,/ 
The \ 
eccentricity ratio presented in Fig. 9, which were calculated for 
purely radial velocity, vield the maximu 


of eccentricity ratio 


for rut 


2.13 larger than for run 2-3 alues of dissipation versus 


ng for 
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n 


Fig. 8 Stiffness as a function of eccentricity ratio 


Fig. 7 Stiffness as a function of eccentricity ratio 


50° é 210° 


Fig. 10 Magnitude and direction of hydrodynamic force as a function of 
the direction of squeeze-film velocity 


a plain cylindrical journal bearing. This information is very 
useful to the design engineer in checking whether he can tolerate 
the maximum amplitude of vibration. In the event that this 
amplitude is too large, he then has to reduce the driving force by 
better balancing his rotor. 
Fig. 9 Dissipation as a function of eccentricity ratio ‘ 
Conclusions 
Table 2 
Run 7 V/CN Fy Fu 
| : 0.95 120 5.{ 7 


1 The pauper presents ter hniques for caleulation of fluid stiff- 
ness and dissipation functions for journal bearings. The knowl- 
edge of these parameters is very important in predicting critical 
95|120 speed and amplitude of vibration 
20) 120 ( 2.4 Y 7)13¢ 2 Bearing geometry plays « very important role on stiffness 
95! 180° : a5 ° and dissipation functions Figs. 7 through 9 show the effect of 
L’/D’ ratio and eccentricity ratio on these parameters. 


95 180 3 The damping energy depends on both the shape of the locus 


20) 180° - Dae 25.0) 147. and the squeeze-film velocity 
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4 The cross terms of dissipation Equation (1) are small and 
may be neglected in dynamic analysis. 

5 If the driving force and mass are known and a simplifying 
assumption is made about the squeeze-film velocity and accelera- 
tion it is possible to estimate the journal displacement. 

6 Squeeze-film velocity acting along the line of centers and in 
the direction tending to reduce minimum film thickness yields 
maximum dissipation. 

7 The analysis presented here is applicable to any bearing 
geometry. Film shapes other than that given in Equation (3 
mav be used when the bearing is other than cy lindrical. 


Recommendations 
1 Energy 
should be This is presently 


being programmed for the IBM-704 computer and will be pre- 
sented at | 


considerations and pressure effect on viscosity 


considered in rigorous analysis. 


a later date 


2 Inertia effects and cavitation in dynamically loaded bear- 


ings deserve additional study. Experiments should be undertaken 
Under dy- 


namic loads babbitt fatigue often occurs at the bonding surface 


to establish the boundary conditions in cavitation. 


if the bonding is poor. In practice there are several examples of 


plucking of babbitt material from the surface. This has occurred 


in the absence of “shaft currents’ 


This 


and may be explained by the 
studied 


presence of cavitation observation should be 
further 


3 Careful experiments should be conducted on dynamically 
loaded bearings in which journal misalignment should be kept 
to an absolute minimum. Measurements of vertical and hori- 
zontal displacement of the journal center with respect to time 
ind ioad should be taken. From these data it is possible to cal! 
culate the stiffness and dissipation and the driving force along any 
two mutually perpendicular axes. The experimental results can 
then be compared to theoretical results. This can be done for 
any bearing geometry It may be worth mentioning that such 
experiments have been conducted for several bearing configura- 
tions in the presence of unbalancing rotating load and the results 
compare very well 

$ In dynamically loaded bearings the hydrodynamic pres 
sures may be extremely high and the effect of pressure on viscosit 


It is 


recommended that this point be considered in further analvsis 


nay play an important role on load carrying capacity [6 
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DISCUSSION 
Burt L. Newkirk? 


The application of digital computers to bearing analysis is an 
important step in progress, and the material presented in this 
great interest 


paper is of One remarkable point is that the 


forces due to squeeze film velocity have such large components 
normal to the direction of motion 

It would be very helpful if tests could be made to determine 
for a few simple cases, how closely calculated results represent 
the behavior of rotors running on journal bearings. This is not 
to question the analysis, but to give an indication of the ade 
quacy of the basic assumptions [Equation (1)] to express the 
physical conditions 
of the 


An inde pendent and different experime ntal study proper 


ties of fluid films in journal bearings is desirable also. This 


would be an ¢ xploratory program set up to study the behavior 
of a shaft running on a fluid film in a journal bearing, but with no 
primary object of testing indications of analysis 

It is recognized that the quasielasticity and damping of the 
fluid films affect appreciably the numerical values of the critical 
speeds and the fluid film whirls, especially for rotors having “‘cal- 
culated 


details of the 


critical speeds above 5000 rpm However, important 


resulting behavior of the rotors might be deter- 
this should he 


For example, a rotor having a calculated critical speed of about 


mined experimentally, and a parallel approach 


10,000 rpm might be supported on very rigid standards, with a 
ball bearing at one end and a journal bearing at the other 
D ratio 


end 


Bearing clearance, / oil viscosity, and unbalance might 


be varied. and the paths and frequencies of the journal motions 


studied 7 2 


\ parallel study of this sort would probabl help the inter 


pretation of ealeulated results and suggest further upplication 


digital computers to bearing analvsis 


Author’s Closure 
The 


iuthor wishes t 


Consultant, Sehe 


Fig. 11 Typical dynamic load pressure on piston 


(Peak pressure: 600 psig; base pressure: 0 psig; period: 0.0335 sec 
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LOAD 
DIRECTION 


ROTATION 


Fig. 12 Typical dynamic load shaft locus in front gage plane, plain 
bearing 


(Oil hole inlet at top of picture; load: 837-psi peak on bearing; length of 
locus: 0.00088 in.) 


ments. It is quite true that experimental analyses of the proper- 
ties of fluid films in journal] bearings are very few and this pro- 
cedure should be extended so as to gain a better understanding of 
the phenomenon. ‘Through these experiments we may obtain a 
better physical picture of fluid film behavior. 

I might add at this point that the analysis presented in this 
paper was actually undertaken to verify some experimental work 
that we were conducting at the time. Test equipment was con- 
The 
The magni- 


structed to duplicate loading in one of our apparatus. 
type of loading that was applied is shown in Fig. 11 
tude of this load could be varied. Fig. 12 shows an 6scilloscope 
picture of the shaft locus for a dynamic load and Fig. 13 shows 
shaft locus under static load. 
that the 
for the static load even though the dynamic load was of higher 
magnitude 


Note in comparing Figs. 12 and 13 
eccentricity for the dynamic load was lower than that 
This difference is attributed to “squeeze-film’”’ veloc- 
ity as predicted by theory. In general, our theoretical results cor- 
related well with experimental results. One of the problems en- 
ountered in the experimental procedure was that it was ex- 
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LOAD 
DIRECTION 


ROT ATION 


Fig. 13 Steady load shaft locus in front gage plane, plain bearing 

(Oil hole inlet at top of picture; loads: 0, 49, 97, 146, 195, 243, 292 Ib 

on piston; displacement between 0 and 292 Ib; points: 0.00107 in.; 292 
lb = 450 psi) 


tremely difficult to eliminate misalignment. The bearing and 
shaft axes must be aligned if theory is to be compared to the ex- 
periment. Small 


squeeze film force. 


misalignments will considerably reduce the 


It is essential to include the fluid film stiffness in rigorous anal- 
ysis of critical speeds. We are able to correlate closely the 
theoretically calculated critical speeds with those obtained on test 
if we include fluid and pedestal stiffness in analysis. The fluid 
damping characteristics and magnitude of unbalance must be 
Stuffness 
and damping are also essential in predicting fluid film whirls 

The experiment proposed by Dr. Newkirk 
valuable in that it will be a controlled experiment in which one 


known in predicting rotor vibrational amplitudes 
would be most 
variable will be varied ata time. I would like to encourage other 
investigators to pursue this very important dynamic problen 
The results will be most rewarding for they will have multiplicity 
of applications. Misalignment must be avoided in experiment il 
theorv is to he compared to practice 
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Axial, Relative Motion of a 
i ucnt | Circular Step Bearing 


Research Engineer, The Franklin Institute 
Laboratories, Philadelphia, Pa. Equations relating the flow of the lubricant and the axial motion of an externally 


pressurized thrust bearing are developed. The bearing is shown to be stable when the 
fluid is incompressible. 

txpressions for local stiffness and damping coefficients, useful in the evaluation o 

I for local stiff | g coeff t ful in the evaluation of 
the dynamic response of the bearing, are given. 

An analog computer solution of the equation of motion is compared with the results 
of the corresponding, small displacement equation, 


Introduction 


ym 





= analysis is made for a unidirectional thrust plate, 
having « central recess as shown diagrammatically in Fig. 1. It 
can be extended to thrust bearings capable of supporting loads in 
both directions and having different pocket arrangements. 





It is assumed that the bearing is restrained to permit only axial, 
relative motion and that a truly incompressible fluid of constant 
viscosity is supplied from a constant pressure reservoir. External 
drag effects are not considered in the equation of motion.! 

\ simplified version of the Navier-Stokes equation (as applica- 

to laminar, viscous flow) in conjunction with the continuity 

equation, describes the flow in the annular and recess regions 

After pressure terms are eliminated, a nonlinear differential equa- 

tion in terms of displacement and its time derivatives results 

This, in turn, is linearized, giving a second-order differential 
terms of perturbation displacements. 


inclusion of a velocity-proportional term would describe the 

external damping effect adequately without introducing additional 
difficulties into the analysis 

Contributed by the Lubrication Division of THe AmeRICcAN So- 
cleETY OF MecHANICAL ENGINEERS and presented at the ASLE- 
ASME Lubrication Conference, Los Angeles, Calif., October 13-15 
1958 

Not Statements and opinions advanced in papers are to be 
inderstood as individual expressions of their authors and not those of 
the Society Manuscript received at ASME Headquarters, May 26 
1958. Paper No. 58—Lub-1. Fig. 1 Diagram of the bearing 





Nomenclature 


Linear Dimensions } Diels = pressure in the annulu I ‘ 1ass densit 


radius of recess, in. equilibrium, psia 1 scosity, Ib-se« 
R = radial distance from bea: pioP pressure in the ration of gravit 
center, in psla f al, natural frequen 


R 


6=%e 


2 ,D s ipply nozzle diamete! 


outer radius of bearing, i pioP, = supply pressure, psii Appendix 2 

PoP. = atmospheric (an { ocal, static stiffnes 
re ssl > Sif Iv iil ) 

vidth of annulus, equilibrium, pressure, pela pendix < 


ho = width of annulus, in. Other Quantities 
h(l — H) = hA = deviation in an- L = load on bearing, lb 
nular width from the equilibrium = mass, lb-sec?/in 
mg/L weight of mass 


value hy. in. (6< h » = volume rate of flow, equilibri i : j 
bearing) ratio 


dynamic stiffness, lb /in 


damping coefficient, lb-se: 


T/J time, sec 


in.*/ sec 

Pressures 
hn = qQ = volume rate of flow int 
denotes different 

py pressure in the recess, equillbriul cess, 1n.*/sec 


psia > = qQ. = volume rate of flow from respect to the dimensionles 


P, = pwoP,; = pressure in the recess, psia cess, in.*/sec variable 
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Analysis 


By combining the reduced Navier-Stokes equation with the 
continuity equation, we obtain an equation that applies to the 


(2). 


The continuity equation for the cylindrical volume above the 


'/s 


Wr 


annular region: 


S¢ 


12u dh 
h* dt 


Op 
or 


recess area is represented by: 


[ 


9 
- 


wd? 
i 

Op 

or 


[ 


equation of motion of the thrust plate and the 


‘ 
Pio) + [ 2r(p po )rdr 


. 


L P 


‘ 


ached 


Ou 


rhe 
nass is: 

d*h 

dt? 


Wr NPs 


lhe dimensionless equivalents of equations (1), (2), and 


H 
H 


| 


l2ufr,* 
ho? 


oP 


.)- 


Py 


oP 


| 


JR 


oR 


2rr *p, 


P,)RdR 


o 


ek 
mpfth, mth [ 


P, 
2 
Oub*r? ( 


lhe next step is the integration of equation (4), subject to the 


is given by: 


ye 


Pi hy 


where, in equation (6 


Pw 


R 


R 


P,P e log 


e 


following boundary conditions: 


PU, 7) = P(r 


, 


P(R,, 7) P.. 


Phis results in the following expression for the dimensionless pres- 


G 1) 


Substituting equations (9) and (7 


sure in the annulus: 


P (7 [ 


Sufr? 
Pa he? 


log Fe log R 


"RR, 7 
log R, 


log PR, 


l 
log r] 


into the integral in equation 


H 
H? 


me 


(9) 
log R, 


(6) vives, upon integration: 


(" 
ee | 


Tr * py 


2m * pio 


mth 


r Py )RdR 


e 


(0 


log F, 


Qmfrh 


Smyr,* 
2mfh 8 
110 
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H 


t - 


and the substitution of equation 


2pio\ /? 

P ‘) (P, 1) 
p 

mf*ho* 


» that equa ion (6) can now be written as: 
l 


(P; -—1)4+ ( i) cP, P..) 
2 log R, 
[B= ces] 
2P io 


ye 
P 2 log R, 


mf*ho* 


3utr 4D? ( 
2log Rk, —(RZ 


R2 


wr *py 


mf*ho 


(R?2 —1 H 


log R, 


ompr,* 
2mfhg* 


> 


. = 


(f 


differentiation: 


J 


by 


[2 


in (5 


From equation (9) one obtains, 


Ean 


H 
H° 


i Fes 


a 


, 
log R, 


P dufr,? 


Pioho? 


oP 


oR log R, 


12 gives: 


iohty? P; 


P, 
) 
gS | 


. } 

a 9 | 
Sufr,* 

2p; 


) 


The elimination of P; between equations (11) and (13) results in 


2 log R,D? ( 


R z 


e 


p 


tho 


(P, — P, 13) 


the following equations in terms of H and its derivatives: 


w( H c) (c, + Cs 4 cuit ) (14 


+ 
H* } 
Here, the C’s represent constants which include the bearing and 


| 
C2 
H? 


fluid parameters. Their explicit expressions are listed in Appen- 


dix 3 


Squaring equation | introducing the p rturbation displace- 


14 
ment and its derivatives, 


and neglecting their squares and cross-products as quantities of 


higher order, equation (14) reduces to: 


8 


hog 
Pes 


us » 
6n(2P, 


I Parl 


: 18) 
log R, { 


| R, , 
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6C;2 


= 4r° 
2C,C3 _— Cs 


and the dimensional equivalent of (17): 


a} 
dt? 


” + k 46 = 0 (20) 


where 


Discussion of Results 


The conditions of stability are 
(17) be 
positive, 


that the coefficients of equation 
positive: e.g., 8 > 0; 6>0. Since 0 = 


only to examine the quantity which appears 


47? is always 
one needs 


Dbrackets ol! 


within the 
efficient B ir IS 


For 8 > 0 


the expression for the dimensionless co- 


log R, > 


e 2P 
It can easily be 
whicl 


respectively 


seen that unity is the smallest and the largest 


value the left side and right side of the inequality (22) can 
issue Conse quently the bearing is stable for al 
ratios of radii and pressures 

At this point we that the local, 


equal, viz.: 


also note static, and dvnamk 


stiffness coefhici iret 


m t 


(27)? m 


iting the 


ness and Gamping coefficients are useful in evalu 
response Ol the bearing for small deviations from am 
equilibrium value 

Equ ition (17) predicts stability in the sense that small oscilla 


tions do not grow with time. 


The region of resonance is also in 


dicated for small periodic disturbances whose frequency is equa 


to the ‘ 
The and the 
corresponuing perturbation displacement equation 17) are pre- 
l 
\’ 
tio mg/L. Dimensionless displacements H 
ire plotted : 


natural, local frequency” of the bearing 


inalog computer solutions of 


equation (14 


sented graphical I gs. 2, 3, and 4. In each figure, n 


1, 4 refers to the: 
h/ho and A 6/H 
where f is the local 
the other. The upper graph represents the solution of equatior 
14) and the lower that of equation ( 17 

Although equation (17) is valid only for small displacements 
deflections of A(O) = 1/4, 1/2, 3/4 are ap- 
of equation (14 
Ho 3/4, 1/2, 1/4 


igainst dimensionless time 7 ft 


natura! frequency, and are shown one above 


the same lit 


plied is in the nonlinear case 


W here the cor 


responding values are 


rit between the gr iphs which represent the two 


The simil 


solutions is rather remarkabk 


particularly in view of the much 


greater complenit 1 equation (14 and the magnitude of the 


initial deflections wpplied in the case of equation (17 
From the solution of the nonlinear equation It appears that the 
Hearing is stable 


the linearized e« 


egardless of the magnitude of the initial dis 


placeme nt confirms the predictions made on the basis ol 
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In addition, the linearized equation appears to represent the 
motion of the bearing quite well even beyond the region of small 
displacements 

It is noted that the be aring 1s overdamped for small values ol 
mg/L and values of the pressure ratio p/p, tending toward 


unity, whereas a noticeable overshoot occurs when the opposite is 


the case. 
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APPENDIX 1 


HDriim is giver 


APPENDIX 2 
Local Static Stiffness and Natural Frequency 


Defining the 


and with the 


Number 





we have 


dL dpw 
dpio dho 


From (31) and (32) we obtain: 


6u md?| 2 v3 
,- 1t = (p io) or 
= Th? 4 p , , J . 


Squaring (34) and rearranging terms we have: 


9 2q4 } 
ho = — (tog $ 


9 


2 p 
Differentiation of (35) results in: 


tphy® 


» us 
32d! (10g ‘ ) 


\ Fi 
Substitution of (36) in (33 
T 


24 wr? D*(log R,)(2P, 


e 


ind substituting (37) in (28) we obtain 


r 


r; 


l Pe APP wwho® wh 
imuD?*r? log R, 3n(2P, Po l 


APPENDIX 3 


constants of equation (14) are as follows: 


XP, 


2n(2P, 
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fhe R22 + 1) 


9 
2D? (2) 
p 


gho 
L6n(2P, — Pat 


l log R,] 


| 1 
) log R, 


2mfthe log R, 


mr tpi R? — 1 2 s2P, — Py —1 


In replacing m, f, and ho in these expressions, use was made of 
the equations and the results of Appendix 1, and Appendix 2, 
namely: 


; 


Vou r, . - 1)? log r,t 


R,? 
Pa 


log R, 


IPPioho® vs 
3n(2P, Pes 1 
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Fig. 3 Computer solution of equations (14) and (17) when pio/p, 0.7 
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Fig. 4 Computer solution of equations (14) and (17) when pio/p, 0.5 
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DISCUSSION 
Herbert Richardson® 


The author’s very careful and thorough analysis is a valuable 
d £ | 


contribution to the literature on 


pressurized-fluid bearings 
He has shown that for most practical purposes the fluid film char- 
acteristics of this type of bearing can be approximated by a linear 
differential equation consisting of a displacement term plus a 
velocity term. That is, the bearing film is characterized by an 
equivalent spring stiffness and an equivalent viscous damping 
Although the author has studied the case where the fluid film is 
loaded only by a mass and an external force, knowledge of the 
film characteristics will permit analysis of more complex systems 
which incorporate this type of pressurized bearing. 

The author is particularly to be commended for his use of an 
analog computer to show the range of applicability of the per- 
turbation analysis. His observation that the linearized equation 
describes the bearing behavior well for relatively large perturba- 
tions is in accordance with this writer’s experience with a variety 
of dynamic systems. Generally, the perturbation method yields 
excellent results in systems that have ‘“well-behaved”’ or slowly 
varying nonlinearities but breaks down when “hard’’ or discon- 
tinuous (e.g., 


are encountered. 


nonlinearities coulomb friction, hysteresis, and 
dead zone ) 

In developing his analysis, the author has employed the classi- 
cal assumptions of lubrication theory. Although the convec- 
tive acceleration terms in the momentum equation probably are 
negligible over a wide range of parameters, there will be a range 
of frequencies f above which the local accelerations (partial de- 
rivative of velocity with respect to time) will become significant 
This effect would probably introduce an acceleration-dependent 
term into the equation for fluid-film force. A determination of 
the frequency range within which this effect is negligible would be 
a valuable addition to the paper. 

In conclusion, the writer would like to suggest that the author 
extend his analysis to include and evaluate the effects of liquid 
compressibility Luming,‘ in an experimental and analytical 
study of the dynamics of pocket-type pressurized journal bear- 
ings, found that compressibility of the liquid in the pockets could 
not be neglected in a bearing that has small clearance, large stiff- 
ness, and is subject to light loads, even though the pocket volume 
appears geometrically small. 


H. J. Sneck’ 


The question of whether it is permissible to use steady-state 
flow equation (1) to describe a nonsteady flow phenomena would 
seem to require some investigation. A modification of the con- 
tinuity equation (2) of the paper is discussed here and a possible 
criterion for the upper limit of the permissible vibrational fre- 
quency is also suggested 

Mquation (1) is obtained by the reduction and combination of 
the following equations for incompressible flow 

ov, SL ov, 
| 
Or ? Oz 
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Institute of Technology, Cambridge, Mass., February, 1954 
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where 


V, = radial velocity component 


V 


= axial velocity component 


z 
p = mass density 
P - 


= pressure 


Introducing the nondimensional characteristic quantities 
Rr’ 
= hz’ 


in a manner similar to that employed by Brand® gives 


OV,’ f 


r 


Me 


R 
- dt 


where all the primed terms are of the order of magnitude one, 
and terms of higher order have been dropped. From this, it is 
possible to conclude that the inertia terms omitted from equation 


(1) must be included when 


In order to estimate the magnitude of the maximum allowable 
velocity dh dt, take as an example 


p = 2.0 slugs/ft® 


lb sec 


ft? 


(10-3 


0.010 in 


0.001 in 


but 


*R. S. Brand, ‘In 
Applied Mechanics 


rtia Forces in Lubricating Films,"”’ Journal « 


vol. 22, Trans. ASME, vol. 77, 1955, p. 363 
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dh 7 
= Qrfd 
dt max ; 


12(0.6) 
—— <= 10? cps 
27(0.001) 

From this it would appear that the omission of the inertia 
terms might not impose a serious restriction on the validity of the 
results. 

It would be interesting to see if the predictions of the paper 
and the criterion mentioned here are verified by experimental 
evidence. 

Since the phenomena studied in the paper is essentially one of 
unsteady motion, it is natural to expect that the equations of 
motion will contain terms to account for the fluid inertial forces 
involved. When they do not appear, as is the case in equations 
(1) and (2), there is a tendency to question the validity of the 
results. 


Equation (2) contains the term 


wd? 2 

4 p 
which describes the flow of the fluid through an orifice. Usual 
practice requires the modification of this equation by a multi- 
plying coefficient to account for flow losses and the contraction 
of the jet in steady flow. This coefficient has been omitted her« 
but could easily be included. Just how this coefficient should bx 
altered in the case of unsteady flow through an orifice and if 


its inclusion has any major influence on the result would be of 


interest. 


Author’s Closure 


The author wishes to thank Professor Richardson for his en- 
couraging comment and to express his appreciation of Mr 
Sneck’s contribution to the discussion. 

He is aware, of course, of the limitations which the neglect of 
the acceleration and compressibility terms in the basic equations 
imposes upon the range of validity of this approach Mr 
Sneck’s reference to the Brand paper and the numerical exampk 
represent, therefore, a desirable supplement to this paper 
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No account was taken of entrance effects at the sharp edge of 
the recess and, perhaps not inconsistently, the nozzle flow equa- 
tion was given in its idealized form. The question as to how valid 
the inclusion of a steady-flow discharge coefficient is in the case of 
unsteady flow through a nozzle would seem to depend on the 
ratio of the local and convective accelerations. The criterion is the 
magnitude of the so-called Strouhal number,’ the requirement for 
the applicability of quasi-steady flow theory being that: 

df 
U 
in which 
Strouhal number 
nozzle (orifice) diameter 
frequency of oscillation 
average flow velocity 

Using the values given in Mr. Sneck’s numerical example and 
pressure ratios p,: Pw: Par = 20:16:1, we have approximately: 

U = 1.10 x 


l 0.132 in 
1000 cps 


10° in/sec 
f= 
so that 


0.132 « 10 
1.10 « 108 


0.120 


It would appear therefore that the use of a steady-flow disch irge 
coefficient involves no serious error! 

In this paper, the emphasis was put on the distributed parameter 
treatment of the problem and the definite similarities existing 
between the solutions of the nonlinear and linearized equations 
The work was a precursor of an investigation into the unstable be- 
havior of externally pressurized gus bearings. The analytical 
phase of this investigation is now concluded and it is hoped that 
the experimental part will be completed before the end of this 
year. 


\ K. Oppenheir and EF. G. Chilton, “Pulsating-Flow 
ASMF, vo 
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Friction and Wear of Metals to 1000 € 


E. P. KINGSBURY Sliding experiments using mainly the metals zinc, copper, titanium, and 1020 steel 
E RABINOWICZ were carried out on a pin-on-disk friction apparatus incorporated in a metallurgical 
, furnace. At room temperatures the results with steel, but not with the other metals, 
; depended markedly on the atmospheric moisture content. As temperatures were raised 
yp er natty ag et - 400 C the friction and wear rate of the steel reached a maximum at 100 C and then 
Cambridge, Mass. diminished, while with the other metals the friction remained constant and the wear rate 
increased. These and other results are discussed in terms of the W/p ratio for the 
metals, W being the surface energy and p the hardness. It is postulated that 
materials with low Wp ratios should have favorable friction properties at high 
temperatures. 


Introduction 








ion evaluation of the frictional properties of ma- 
terials at elevated temperatures, once a field of study of G COILS 
only mild academic interest, has recently become a subject. of 





technological importance High performance machinery like 
gas turbines contains bearings sliding at high environmental 











temperatures, and a severe design limitation is imposed by the 











need to keep the temperature of these bearings below the maxi 








mum effective temperature of available lubricants. In other 
plications high temperatures are produced by high sliding COOLING BATH 














speeds, and again there are difficulties in providing suitable NTERRUPTER 
sliding conditions. Futhermore, it appears that each system vet 
evaluated is a sper inl case so that it is difficult to find an over-all 
inclusive picture 

Hence in order to investigate frictional phenomena at elevated 
temperatures, an apparatus was constructed to measure friction 
ind wear at temperatures to L000 C 


The Friction Apparatus 


Equipment previously deseribed in the literature generally Fig. 1 Schematic drawing of the friction apparatus 
whieved elevated temperatures at the sliding interface by apply- 
ing heat to one of the contacting specimens, thus heating the 
other by conduction across the interface {1].! Large thermal 
gradients and accompanying temperature uncertainties are 
consequently present while, owing to the large heat losses, 
maximum temperatures have been limited to 300 C. An 
alternative design permitted only limited loads and movements 
2). A more promising approach seemed to be to build a friction 
ipparatus of a type frequently used for room temperature 
studies, but to enclose it in a metallurgical furnace to obtain 
good temperature control. 

The friction part of the apparatus is quite similar to a design 
previously described [3], the latter in turn based upon a machine 
used by Bisson and co-workers [4 The sliding geometry is the Fig. 2 Illustration of the sliding geometry 
same as in the Bowden-Leben apparatus [1] and consists of a 
vertical rod, the “rider,” axially loaded and sliding on a horizontal The normal force is provided by a dead weight supported on the 
plate, the ‘flat These sliding members may be of any materia! rider, and the frictional force is measured as that lateral force 
or combination of materials provided they are moderately rigid which is required to keep the rider stationary when the flat is 
slid past it I igs. | and 2 show the arrangement adopt d The 
Numbers in brackets designate References at end of paper 

Contributed by the Lubrication Division of THe AMERICAN : 
Society of MecHANICAL ENGINEERS and presented at the ASLI downward through the bottom of the furnace to a variable speed 
ASME: Lubrication Conference, Los Angeles, Calif., October 13-15 drive. The rider is held vertical by a rider arm. The necessary 
195s 


Nove Statements and opinions advanced in papers are to be 


flat is rotated on the end of a hollow spindle which extends 


movements of this arm, first a small vertical rotation to provide 
the normal load, and second a small horizontal rotation for 

understood as individual expressions of their authors and not those i] it { | 
_” —— asnurements. are . \ af s rs 
of the Society Manus« ript received at ASMI Headquarters July Iriction Loree measuremer . BOWE , wo leal pring 
15, 1958. Paper No. 58-—Lub-6 mounted in the horizontal and vertical planes, or by equivalent 
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mechanisms. The friction force is transmitted by a light rod 


fastened to the rider arm, passing through the furnace door to 
an aluminum strain ring, and measured with SR-4 gages. The 
output of this strain ring is connected to a recording potenti 
ometer. 

Temperatures inside the furnace are measured with two 


thermocouples. One is mounted inside the hollow spindk 


Its signal is transmitted through « 
mereury bath slip ring to a potentiometer. 


directly under the flat 
The second couple Is 
mounted through the furnace door in such a manner that when 
the door is closed the junction is suspended just above the flat 
Various heating coils inside the furnace are independently 
supplied by variable transformers and adjusted so that the two 
thermocouples read the same temperature. Under these condi- 
tions the temperature uncertainties near the sliding interface 
ire very small 

In operation the equipment has proved very flexible It has 
been possible to hold the temperature at 68 C, just under the 
melting temperature of Wood’s metal, yet other friction deter 
minations have been made at temperatures up to 1000 C. The 
normal load is variable between 100 and 3000 g and the sliding 
velocity between 0.001 and 100 em/sec 

Two quantities were measured in the tests, f the coefficient of 
friction and V, the The latter is defined as th 
total volume of material lost from a specimen during a run of 
given length under a given load, divided by that length and load 
The units of } 


specific wear 


used he re are cm 


s 


em kg 


In some experiments it became evident 


humidity of the 


that the absolute 
test atmosphere played an important role in 
determining friction and wear this effect 
the apparatus was modified so that prehumidified 
air (at room temperature) could be continuously admitted to the 
rubbing interface. 


In order to study 
1 


more 


region around the The air was prepared by 


passing it through saturated solutions of various inorganic 


water. Except for this, no effort to provide a 
controlled atmosphere was made in any of the tests. 


chemicals in 


Owing to the construction of the machine, two types of in- 
creasing temperature tests could be made. In the first, the rate 
of temperature increase was small compared to the rotation speed 
of the flat so that « point on the wear track passed many times 

nder the rider. In the second, the rate of temperature increase 
Was great compared to the rotation speed of the flat so that the 
thermal « Xpansion ol the rider support could be used as « radial 
feed. Thus « spiral wear track was generated, each point on the 
track passing only once under the rider. 

It was decided to concentrate attention mainly on four metals 
1020 


( opper, a low carbon steel The steel 


and titanium were chosen because of their present and pot ntial 


, zine, and titanium 


applicability it elevated temperatures, copper and zine because of 
their use in previous friction studies. Surfaces were prepared by 


ibrasion with suitable emery paper and then jarred to remove 


anv loose abrasive urticles 


D 
! 


Experimental Results 


Initial experiments using steel specimens showed very irregular 
friction and wear results. It was found that changes in partial 
pressure Ol water vapor due to changes in the weather were 
affecting the tests Hence a study of the effect of water Vapor 
content of the itmosphere at room temperature was undertaken 
for three of the test metals 3 and 4, 
respectively, friction coefficient and specific wear as a 
that the only 
effect is on steel and that for this metal increased water content 
causes both the the latter by a 


obtainable conditions 


Results are shown in Figs 
which plot 


function Ol water partial pressure, It is seen 


friction and wear to decrease, 


factor of about from the driest 


seven 


Our results for the friction of stecl and copper agree quite well 
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LOAD ~ 1000 G 
VELOCITY -~3 CM SE 
TiIME~! HR 


ZINC 
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Fig. 3. Friction coefficients at room temperature as a function of 
mospheric moisture 


4 


AR TIAL PRE Ré ‘ 4 MN H 


Fig. 4 Wear rates at room temperature as a function of atmospheric 
moisture 


with those of Daniels effect 


ind West [5] 


of moisture on this property for these metals 


who investigated ‘he 


100 C, the effect of 
changes in moisture content seemed to become 


As the temperature Was raised above 
negligibly small 
In Figs. 5 and 6 are plotted friction and specific wear for the test 
With the 

but the 


The steel showed irregular Iriction traces and 


metals in the temperature range from 25 to 400 © 
exception of ste¢ |, the friction remained nearly constant 


wear increased 


decreasing wear at the higher temperatures 


Titanium with surfaces prepared at room temperatures is 


known to have very poor frictional properties 


but experiments 


on titanium prepared by that «a 


sugges sted 
laver with better frictional properties might be 


surface grinding 


formed at higt 


temperatures [5 Iriction test 


To investigate this possibility 
were run to 1000 C, of the 


shows the 


making use single or multiple pas 


technique just described Fig. 7 


Up to about 700 C, the friction 


results obtained 


values are nearly the same 


above that temperature, there is a marked difference, the m iltipl 


pass values being far lower 


Fig. 8 shows the friction as a function of temperature fo 


copper sliding on aluminum. These metals form a eutectic at 548 


C and the drop in friction at about this temper rature is spectac ilar 
ind in good agreement with the work of Umeda and Nakano [10 
who investigated other eutecti combinations. Eu 
thei 


present form as high-temperat ire bearing combinations, because 


forming 


tectic-forming materials, however, cannot be used in 


| irge scale melting o« curs 


Discussion 


Some interest juestion ol W hether the increase 
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Fig. 5 Friction coefficients as a function of temperature. 
steel were so erratic that they have been omitted. 


The values for 


Fig. 7 Friction of titanium as a function of temperature. Note the 
difference at high temperatures between single-pass and multiple-pass 
conditions. 











. 


Fig. 9 Wear constant K plotted as a function of the ratio of the sliding 
temperature to the melting temperature 


in wear rate shown in Fig. 6 results merely from thermal softening 
of the metals or from other causes. Fig. 9 plots the Archard [6 
wear constant K (defined as 
K = 3PV/WI = 3PV, 

where P is the hardness of the metal and V the volume removed 
under a normal load W and path length /) against 7'/T,, where 
T,,, is the melting temperature of the metal. It will be seen that 
with the exception of steel above 100 C, the influence of tempera- 
ture on the wear coefficient now becomes much smaller especially 
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Fig. 8 Friction as a function of temperature for copper on aluminum. 


Note the sharp drop in friction near the eutectic temperature. 


for zinc, for which tests were taken to within 20 C of its melting 
point 


A similar conclusion has been reached by Lancaster [7] 


working with brass on tool steel 

The anomalous behavior of steel] is perhaps due to the formation 
of a protective film derived from atmospheric water vapor as 
indicated in Figs. 3 and 4. This same type of behavior is seen 
also in Fig. 7 which contrasts the single-pass and multiple-pass 
tests for titanium. It would appear that the oxide layer formed 
on titanium at 700 C has favorable frictional properties, but that 
it is brittle if allowed to get too thick (c.f., Hanzel [9]). The 
layer is kept thin and effective when running over the same 
repeatedly, but thick brittle 


other materials (to be 


surface becomes and under 


single-pass conditions. Work on 
published) suggests that similar changes in sliding conditions due 
to changes in oxide composition, structure, and conformability 
are very commonly observed in sliding systems at elevated 
temperatures 

The independence of friction coefficient on temperature may be 
explained on the basis of the current theory of friction which 
states that the for two surfaces in sliding 
contact is s/p where s is the shear strength of the interface or of 
the weaker of the two materials and p is the flow pressure of the 


weaker material. 


friction coefficient 


Since f is the ratio of two similar material 
properties, the effect of temperature is canceled out. 

This theory also suggests that friction coefficients should range 
from 0.5 for unlubricated surfaces to much lower values for 
surfaces lubricated by a low shear strength material. 

However, much higher friction values, in the range 5 to 0.5, 
are readily observed for sliding metals, and associated with them 
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Fig. 10 Plot of surface tension as a function of hardness for the metals 
tabulated by Bondi [12] and Taylor [13], also a few nonmetals. The 
surface tensions increase as a !ow power (between 1/3 and 1/4) of the 
hardness. 


the 
and greatly increased surface damage, 


fluctuations of values of the 


forces 


transfer, and wear. 


are violent 


friction 


instantaneous 
metal 
This behavior, called ‘‘galling,’’ results from 
the coagulation of individual metal junctions (diameter 10~* 
em) into superjunctions of diameter 10~? to 10~! cm or more, 
accompanied by a marked increase in the real area of contact. 

In a recent paper [15] one of us has postulated that this 
coagulation occurs in systems with high values of W,, cot 6/p, 
where W,, is the adhesional energy and 6 the average angle of 
roughness of the surfaces. From a published table of surface 
tensions of metals [12, 13] we may deduce that W for various 
metals varices as some low power of p, say p'/* (Fig. 10), so that we 
expect that softer metals gall more readily than harder ones 
Of the four metals used in our tests, three, namely, zinc, copper, and 
titanium, appear to be well within the galling range when un- 

Only 


In dry atmosphere it galls, but the presence of moisture lowers the 


lubrieated the steel, the hardest, is close to the limit 
surface energy sufficiently (either by adsorption or through the 
formation of oxides) to bring the steel below the galling limit 
and West [5] 
observed high friction not greatly reducible by moisture with th 
soft metals but 
reducible by a factor of 2 in the presence of moisture with the 


Similar results were obtained by Daniels who 


tin, aluminum, copper, and _ silver, friction 
harder iron, steel, nickel, and chromium 


When the temperature is raised the W/p ratio is increased, 
since W is nearly independent of temperature but p falls mark- 
edly, reaching 0 at the metal’s melting point. Hence the tendency 
to galling becomes greater. This effect is resisted; however, by 
the greater oxidation-rate of metals at higher temperatures, 
which may lead to the formation of a low-surface energy oxide 
thus reducing W and preventing galling. In our experiments, 
this appears to have happened with the titanium above 700 C 
and the steel above 100 C. Sata [11] has made similar ob- 
servations on steel. 

This discussion suggests that good resistance to galling and 
hence favorable friction properties at high temperatures might 
be found among hard nonmetals, since these tend to have very 
We have been testing a few of these materials 


and they appear to have some merit and deserve further investi- 


low W/p ratios. 


gation. 
Nonmetals, as is well known, have not been much used in 


moderate temperature sliding applications. The reason seems to 
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be that, when a lubricant is present, it is helpful to use a material 
with high surface energy so that the energy of adhesion of the 
lubricant is high [14]. Only at high temperatures, when use of 
a lubricant becomes impossible, does this consideration lose ite 
importance, and then the hard nonmetal seems to be the pref- 
erable material. 
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DISCUSSION 
M. Godet? 


The importance and timeliness of the study the 
The 


need for information in this field exists and it is indeed gratifying 


undertaken by 


authors is such that it is useless to elaborate on that point 


to see that the problem is being investigated by men who have 
lds 


in high-tempera- 


already contributed enormously in closely related fis 
Needless to say, industry is keenly interested 
ture lubrication and has already under deve lopme nt lubricants 
The dr 
friction data obtained at even higher temperatures presented i 
this 
deve lopments 


which will operate up to 100 C (ie.. poly phe nvl ethers 


paper provide useful information for further lubrication 


The friction apparatus just described is certainly simple and 


versatile, and should be able to lend itself to the study of ver 


many parameters, the most important of which have been investi- 


gated in this paper. However, in fully evaluating the data pre- 


sented here it is regrettable that, in their efforts to present a con- 
cise paper incorporating a thorough discussion, the authors could 
only lightly touch upon the description of the apparatus and 
hardly the 


elaborate on experimental techniques followed 


Shell Developmer ) ny, Emeryville, Calif 
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Necessarily any measurement of wear is arbitrary and correlation 
between different studies can be attempted only if the experi- 
ments are explained in the greatest detail. The relative effect of 
different kinds of wear, such as wear by abrasion, scoring, or 
chemical action is also of interest to the reader, and any attempt 
to define and evaluate them would be very helpful 

about the 


Some information 


after the 
experiment would be valuable in attempting to assess the impor- 


surfaces before and 
tance of surface finish on wear 

Changes in atmospheric conditions have a marked effect on the 
coefficient of friction and wear. In noting this phenomenon, the 
iuthors substantiate results obtained by ASLI 


who showed in a se tup which is similar to the one 


others (Cocks, 
vol, 1, no. I 
used here that the introduction of an inert gas in the experimental 
chamber leads to very large and highly erratic values for the 
forces required to overcome friction. This suggests that the 
oxide coating which is allowed to build up in the presence of 
oxygen is material in preventing the stick-slip action often en- 
countered between two metal surfaces rubbing against one an- 
other 

This simple observation in itself leads to a very wide investiga- 


tion program in which various metals with differing surface 


activities could be studied for friction and wear. Consequently, it 
would be interesting to investigate at elevated temperatures the 
difference between the behavior of ironlike metals which can 
undergo a volume-type corrosion with aluminum-type metals 
which only undergo suriace corrosion The authors have in- 
sisted on the importance of the oxide film on frictional effects and 
information about the thickness, the rate of build-up of these 
oxide layers would be of help to assess the mechanism under 
study Proceeding along these lines, the authors have in the 
Ingenious single-pass and multipass device showed that a new 
surface at high temperature gives a higher coefficient of friction 
than a surface which has already 


been traveled and “run in,” 


due, according to them, to the presence in the single-pass case of a 


brittle thick laver as opposed to the presence in the multipass 


case Of a thin and effective coating. This leads us to believe that 


there is an optimur oxide-film thickness under a given set ol 
conditions which would give a minimum coefficient of friction 
and minimum wear It would, of course, be of great value to find 
out whether, as in the case of .P. lubricants, the oxide films are 
constantly reformed and attrited or whether the same oxide film 
is kept pliable by repeated passage ol the rider on the flat 
Possibly the use of radioactive tracing techniques could be of 
help here. Should the surfaces be renewed and destroyed, in- 
formation about the build-up rate of the oxide eould be obtained 
Vy varying the speed of rotation of the flat 

The discussion of the rate of build-up of oxides on metal sur- 
faces leads one to the study of the surface energy of various 
metals, a field in which the authors have contributed immensely 
As certainly the ability of a metal particle to change its shape is 
proportional to its surface energy W and inversely proportional 
to its flow (or deformation) pressure p, it would be desirable to 
obtain metals with low values of W/p resisting in the manner any 
tendency the metal particles might have to gather and cause 
galling, which is responsible for dramatic increases in wear 

Here the use of nonmetals with low W/p values announced by 
the authors appears very promising and it is hoped that further 
information on the subject will be available very soon 


Carl Goodzeit® 


This discussion will be limited to one particular area of this 


Senior 


Motors 


Research 


Mich Assoc 


Engineer 
Detroit 


Research Laboratories, General 


Mem. ASME 


Corporation 
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paper, one that is important from a practical standpoint—seizure 
or galling between sliding surfaces 

Whether at high or low temperature, the principles underlying 
the mechanism of galling are the same. That is, galling occurs 
when the junction formed at the real area of contact between 
The 


strength of such junctions depends principally on the area of the 


sliding surfaces becomes stronger than the base materials 


junction and, equally as important, on the adhesive strength of 
We have concluded 


from theory as well as from many tests with different combinations 


the material in contact at the junctions 
of metals that dissimilar materials tend to resist galling while simi- 


lar materials promote this. Thus we have generally coneluded 
that the first thing to do in : 


materials 


seizure situation is not to use similar 


We have found that weak intermetallic junctions are associated 
with metal pairs that do not alloy by virtue of their dissimilarity 
On this basis, 


at high temperature can be 


in atomic size, crystal structure, and bond type 


we can also conclude that galling 


avoided through the use of dissimilar metals with sufficient 


strength and corrosion resistance at operating temperature 

Thus the writer would like to ask the authors if they would 
care to comment on how the dissimilarity of a pair of sliding ma- 
terials would effect 


galling according to the eriterion for the 


coagulation of metal junctions presented in this paper 


Authors’ Closure 


The discussions of Dr and Dr 


( odet, we 


Ciodet CGoodzeit are much 


appreciated. In answer to D1 wish to state that the 


reason for not elaborating the condition of the surfaces before 


the tests is our feeling that the initial conditions, whatever they 


might be, would not persist under repeated traverses of the sur- 


faces iventually an equilibrium surface configuration is 


arrived at, determined by the sliding conditions themselves but 


not by the initial surface conditions. By making each test of 


sufficient length (about | hr), we ensure that most of the 


running time is spent under the 
difficulties with steel, which are 


equilibrium conditions. The 
several times referred to in the 
paper, arise precisely from this point, that, in the middle of a 
test (sav, about 20 min of running time), the sliding condi 
tions would change from high friction, high wear to low friction, 


} 
low wear 


This behavior was only encountered with the steel 
with the other metals, equilibrium conditions were reached after 
about | min. No 


difference in behavior occurs to us 


really satisfactory explanation for this 
In answer to Dr. Goodzeit, we agree entirely that metal pairs 


which do not alloy are much less likely to seize than are me tal 
Indeed 


Goodzeit and his colle uues Is conclusive proot of this fact 


pairs which do alloy the experimental work of Dr 
When 
considering metals of similar hardness, this alloving criterion is a 
very valuable one [t is our fee ling that the reason the criterion 
are likely 
to have larger energies ol idhesion than metal pairs which do not 
Thus the influence on our VV 


works’’ is the fact that metal pairs which do alloy 


factor is direct 


However, the alloying criterion is not entirely satisfactory in 


that it omits the important factor of hardness. Thus indium, 


the softest metal stable in air, galls readily when slid against 


other clean metals, whether or not they are similar in atomic 


size, crystal structure, or bond type. This cannot be readily 


explained using the alloying criterion but, using the W/p cri 


terion, we would argue that it was because the surface tension 
of indium is relatively high (and hence the energy of adhesion ot 


indium against other metals is also relatively high), but p tor 


indium is very low, so that when indium is slid against other 


metals galling takes place because of the high W/p ratio 
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Friction Factors for Turbulent Flow 


H. ITO 


Assistant Professor of the 
Institute of High Speed 
Mechanics, Tohoku University, 
Sendai, Japan 


pipes 


Introduction 


* PROBLEM Of the determination of the law of 
resistance for turbulent flow through straight pipes has been 
the subject of many exhaustive investigations. Comparatively 
few records are available, however, with regard to the influence 
of curvature, especially for turbulent flow 

Such curved pipes are largely used in heating and refrigeration 


in order to transfer heat 


from one fluid to another, and the 
clarification of the law of resistance offers an important indication 
in de« iding the pressure required to obtain the necessary circula- 
tion and the rate of heat transfer for a given circulation 

In curved pipes there exists a secondary flow by the 


and 


action ol a 


centrifugal force it has attracted the attention of 


1-15 
For the case 


many in 


Unfortunately, these 
fined mainly to the 
the chief 


Investigations 


vestigators researches are con 


case of laminar flow of turbu- 


lent flow interest of the hydraulic engineer, no theoreti 
£ 


cal have the 


and comparatively few experimental records (6, 7, 9, and 


heen published about law of re 


sistance, 
10) are 


as the iuthor 


i4 
pipes 


available 


FO Tat is aware 
Detra [15 


However, since 


tecently, Hawthorne and analyzed the 


both of 


SeC- 


ondary flow in curved them are 
grounded on the inviscid-fluid theory, they have nothing to con- 
tribute to the of 
main subject of the present investigation 

It is the 


ments 


clarification of the law resistance which is the 


purpose ol 
the 


curved pipes, and further to furnish empirical formulas which ex 


this paper to present results ol measure 


on frictional resistance for turbulent flow through 


Numbers it 
ontributed 
lraulics Division 
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Fig. 1 Arrangement of experimental apparatus: 1 
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in Curved Pipes 


The object of this paper is to furnish the engineer with reliable data on the frit 
factors to be used in computing the pressure losses for turbulent flow in smooth curved 
The empirical formulas proposed, backed by theoretical considerations, appear 
to define the influence of curvature upon the law of resistance 


tio 


iu 


ith satisfactory accuracy 


Table 1 Dimensions of curved pipes which were tested 


Radius 

ol curvature, 
R, em 
520.0 
200.0 

SU 

69 

12 


Curved pipe 
no 


Radius 
R 
648 
250 
100 
40.0 
164 


ratio 


r 


) 


Zr 
604 
604 
596 

19] 


oid 


Ib, 
l 


, 

of 

7) 
‘ 


l oO 


press the friction factors for turbulent flow through curved pipes 


with satisfactory accuracy 


Experimental Apparatus 


All the experimental pipes used to measure the friction factors 


were of smooth, drawn-coppet specially selected 
The 
The 


ipparatus is illustrated in big l 


iL 


tubing 
their 
eurved pipes tested are found in Table l 


Lor 


straightness and uniformity o 


bores dimensions of 


{ 
0 


arrangement 


experimenta The water d 




















Fig. 2 Thin-plate orifice used to impose disturbed conditions at entry 
and its arrangements: 1 Bell-mouth entrance, 2 thin-plate orifice, 3 
upstream tangent (drawn-copper tubing) 


+ 


Honeycomb flow straightener, 2 3-in. pipe, 3 bell- 
mouth entrance, 4 upstream tangent (drawn-copper tubing same as 5), 5 curved pipe (drawn-copper tubing), 
6 thermometer, 7 orifice meter, 8 valve, 9 weighing tank, 10 triangular weir with a vertex angle 90 deg, 
11 thin-plate orifice to impose disturbed conditions, X piezometers 
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Fig. 3. Friction factors for the straight, drawn-copper pipes used in the tests: 1 
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Logarithmic resistance formula, 2 Blasius’ 


resistance formula, 3 Nikuradse's resistance formula, 4 Hagen-Poiseuille law 


from a surge tank or from a constant-level tank, after passing 
through the “‘honeycomb’’ flow straightener and the bell-mouth 
entrance, enters the experimental pipe. The axial length of the 
curved pipe was determined to be sufficiently long so that to- 
gether with the long upstream tangent the entrance effects might 
be completely eliminated within the testing length of the pipe 
In cases where pipes of 16-mm ID were used, the measured criti- 
cal Reynolds number was unusually high. In such cases experi- 
ments were also conducted for the disturbed conditions at entry 
to the straight pipe. The plate used to introduce disturbances 
has a form similar to that of a thin-plate orifice. Its dimensions 
and arrangements are seen in Fig. 2 

The friction factors f, for the straight, drawn-copper pipes used 
in the tests are shown plotted against the Reynolds number in 


Fig. 3. The measured results are in close agreement with the re- 


sistance formulas [16-18] for smooth straight pipes 


Friction Factors for Fully Developed Flow in Curved Pipes 


The friction factor of a curved pipe, denoted by f,, is defined by 
the equation 


in which A is the loss of head in friction, |, and d the axial length 


and internal diameter of the curved pipe, v,, the mean velocity 
of flow, and g the acceleration of gravity. 

The measured friction factors of the fully developed flow in 
curved pipes are shown in Fig. 4. With regard to the friction 
factors of turbulent flow, the measured results for pipe No. 1, 
which has the largest radius of curvature in our experimental 
pipes, practically coincide with the Blasius formula for the lower 
Reynolds numbers. While for pipe No. 5, where the radius of 
curvature is the smallest, a considerable increase in resistance is 
observed 
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The ratio of the friction factor of a curved pipe to that of a 
straight pipe in the case of laminar flow is expressed in Fig. 5 in 
ordinary manner [6 and 9] as a function of the Dean number 
R(ro/R)'/* where ro is the radius of the cross section, R the radius 
of curvature of pipe axis, and R the Reynolds number 2y,,79/v (v 
being the kinematic viscosity of the fluid). In Fig. 5 the results 
of the previous experimenters [6, 9, 10] are included together 
with the empirical formulas [6, 9, and 19] for laminar flow. These 
results may be expressed in a somewhat different form: In Fig. 6, 


f(R/ro)'/* is expressed as a function of the Dean number R(ro/R)'7?, 


which, being referred to Figs. 7 and 8, seems to be the more com- 


prehensible presentation than in the former case 


Resistance Formulas for Fully Developed Turbulent Flow 
in Smooth Curved Pipes 


Resistance Formula for Turbulent Flow Deduced From the '/; th-Power 
Velocity Distribution Law. The experimental results of the author 
are plotted in Fig. 7, toget 
gators [6, 9, 10, 20, and 21 


number R(r)/R)?. 


pipes in these experiments differ widely, 


her with those of the previous investi- 

is a function of the nondimensional 
Although the radius ratios of the curved 
all the experimental 
results conform satisfactori 


flow. 


from the experimental results 


to a single curve for fully developed 


turbulent The following empirical formula was deduced 


0.029 


0.304(R(r)/R)? 


This equation gives good agreement with experimental results in 
the range 


300 > Ri 


Below R(ro/R)? = 0.034, the friction factor of a curved pipe prac- 
tically coincides with that of a straight pipe. 
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Fig. 4 Friction factors for curved pipes: 1 Logarithmic resistance formula, 2 Blasius’ resistance formula, 3 Nikuradse’s 
resistance formula, 4 Hagen-Poiseville law 
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Fig. 5 Friction factor for laminar flow in curved pipes as a function of the Dean number, R(r)/R)'*: 1 White's empirical formula, 2 Prandtl's 
empirical formula, 3 Adler's theoretical formula 
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Fig. 6 Friction factor for laminar flow in curved pipes as a function of the Dean number, R(r,/R)'*: 1 
4 Hagen-Poiseuille law 


empirical formula, 3 Adler's theoretical formula, 


For large values of R(ro//)* the following empirical formula was 


deduced, and it may be used for values of the parameter R(r/R)? 
exceeding 6 
0.316 
[R(ro/R)?)'/* 
By making use of the Blasius formula 


f. = O.BIGR 


the equation (3) may be expressed in an alternative form 


[RF 


Resistance Formula for Turbulent Flow Deduced From the Logarithmic 
Velocity-Distribution Law. The experimental results were plotted 
in Fig. 8 as a function of the nondimensional number Y2%(r,/R 


where Y is defined by the equation 
R(R/r, (6) 


In Fig. 8 the experimental results of the previous investigators 


)V%Y = 


were included for comparison. In this case, too, all the experi- 
mental results conform satisfactorily to a single curve for fully de- 


veloped turbulent flow 
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The following empirical formula was de- 
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White's empirical formula, 2 Prandtl's 


duced from the experimental! results and it may be used for vy 


of the parameter Y%(r)/R less than 12 


1(%) 


For large values of } R 


1.6) ) 


the following empirical formula 
was deduced from the experiments and holds with sufficient ac 
values ol ) 2( R 


curacy for greater than 5.3 


1.186 
y? 


eliminating } from (6) and (8), the equation (8 


pressed in an alternative form 


az = 2.11 log [r( “) ‘a 


The empirical formula (9) is also found as follows: According 


to equation (9) the law of friction of a curved pipe should give a 


[ ae 
straight line if 1/(/ is plotted against logy) ke f 
To 


This was done and, as seen from Fig. 9, where the results of meas- 
urements were plotted, this feature agrees extremely well with 
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Fig. 7 Friction factor for turbulent flow in curved pipes as a function of the nondimensiona! number 


(2), 2 equation (3) or (5), 3 Blasius’ resistance formula 
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Fig. 8 Friction factor for turbulent flow in curved pipes as a function of the nondimensional number, Y*(r,/R®) 


2 equation (8) or (9) 


experiments on curved pipes whose radius ratio is less thar 


The Transition From Laminar to Turbulent Flow 

The critical Reynolds numbers obtained in the present invest 
gation are shown in Fig. 10 together with those obtained by pre- 
vious investigators [6, 9, 10, and 22], as a function of the Dean 
number at transition point. There seems to be a lower critical 
Reynolds number for a curved pipe, which starts at about 2.3 X 
10? for zero Dean number (straight pipe) and increases as the 
critical Dean number increases. The measured results are ap- 
proximated by the following empirical equation 
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pipe practically coincides with that for a straight pipe. I[:quation 
(11) may be used to estimate a lower critical Reynolds number for 


a curved pipe 
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APPENDIX 


An approximate analysis based on the concept of a shedding 


layer will be presented. The results, although of asymptotic 
character for large values of variables, will serve in some respects 


for the interpretation of the tests 


Nomenclature 


The following nomenclature is used in the appendix: 


p = static pressure 
radi il distance 
pipe 


radius ol circular cross section ol pipe 


from the center of circular cross section 


of the 


radius of curvature of pipe axis 
2v,,.7o/v, Reynolds number 
mean ixial velocity 

veloc ity compone nts in the she dding laver 
, friction velocity 


(T,/p formed with the wall 


ing stress T 
thickness of shedding laver 
friction factor for a curved pip« 
kinematic viscosity of the fluid 
r, distance normal to wall 


fluid 


shearing stress at pipe wall 


mass density of the 


components of the wall shearing stress 7, 

angle measured in the plane of the curved-pipe axis 

angle in transverse plane with respect to outward direc 
tion of symmetry line 
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Subscripts 
values at the edge of the shedding layer 
values in y-direction 

¢ values in ¢-direction 


Asymptotic Expression for Friction Factors Deduced From 
the 1/7th-Power Velocity Distribution Law 


Experimental measurements* show that, if the curvature is 
marked, the distribution of velocity in a pipe is entirely altered 
by the secondary flow, the greatest axial velocity being near the 
outside wall; the secondary flow takes place chiefly in a sort of 
boundary layer in the regions near the walls. This layer is called 
The thickness of the shedding laver is defined 
to be equal to the distance from the wall to the point where the 
peripheral velocity component changes its sense, hence‘ 


shedding layer.* 


dy = rn >O for E<4, 2 0 for E>6 (12 


¥ Ss - 


The thickness of the 
compared with the radius of the pipe 


smal 


stati 


shedding layer is assumed to be 
Variations of the 
pressure within the layer normal to the wall are neglected It is 
assumed that the fluid is incompressible and that the curvature of 
the pipe is small, that is, 


Rissmall. The momentum integral 


equations for the shedding layer® are, 


p vy"ds 
oY Jo 


SInce y ) 


: od J. 


changes ol the pattern ol flow ilong the iXIS Of the 


pipe being 
disregarded 
To make use of equations (15 


and 14 vi 
y normal to the wall 


locity distributions 
are assumed for rv, and 
that 


to be 


On the ass imption 


it is sufficiently accurate to take the velocity component vy 


proportional to &/’ throughout the shedding layer, we as 


sume that 


On the othe! hand rises from zero at the \ ill to a positive 


value, and falls again to zero at the edge of the shedding laver 


If, near the wall, it is rising to the value A K is to 


termined later, then near the wall we should put Vy Ki 


where 


. 


in order to leave this form near the wall and to make vy va 


s 


Reference {‘ oO 
Reference [24], p. 345 
4 Outside the shedding layer yi 
peripheral velocity in the shedding lay 
n 
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where 
(19 


The shear stress at the wall can be expressed in terms of the 


velocity and distance from the wall as* 
tT, = 0.0225pv /(v &)' ‘ (20 


Then with the velocity profile given in (18) and (19) we obtain 


= ().0225pv,'/(v/5)'/* (21 


and 


These wall shear stresses and the assumed velocity profiles are 
now substituted into the equations (13) and (14). However, the 
asymptotic expression of the type (3) may be readily obtained 
from an order-of-magnitude consideration without entering into 
the detailed numerical calculation as follows: 


Since A is small compared with unity, we have 
~ Kv, 


and nn Kr, 


where 


in virtue of (21 Then the order of magnitude of each term in 


* 


after division by pv,,?ro, is 


the equation (13 


fe 8 
p [ vy2dé 
ov Jo 


6 
K 


sin ¥ [ 


Kach term in the equation must be the same order of magnitude 


Hence we shall have 


and 


From (24 it follows that 


"9 ’ ” " ( : ) 


and hence from (15 


Op r “ 
~ pv,?R ( ) (30 
uy R 


r of a curved pipe is defined by the equation 


Op 47 
(31 
Rode pr, 3 


The friction 


From (30) it follows that 


* Reference 
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Hence for large values for R()/i)? we have the asymptotic ex- 


pression of the type 
. ( R 
J - 


The momentum integral equations (13) and (14) were solved 


const. 


[R(ro/R)?]'/* 


numerically for K and 6 prior to the experiments with the assumed 


velocity profiles (16) and (17) and with the wall shear stresses 
(21) and (22) 


core of the fluid were assumed to be 


The axial-velocity components V4, in the central 


Fs i + Br cos y (34) 
where A and B are constants, the ratio B/A being determined by 
the condition of continuity of the secondary flow. Omitting the 
details of the calculations, which are available in reference [26], 
we have the main results as follows: 


(a) The friction factor is given by 
, ( R ) 
f 


The numerical coefficient is slightly different from that in (3 


029 * 


R(ro/R)?)'/* 


and 
the difference may be attributed to somewhat rough and semi- 
empirical nature of the calculation 

(b) The theoretical thickness of the shedding layer is com- 
The 
results seem to justify the concept of shedding layer for large 


values of R(r/R)? 


pared in Figs. 12 and 13 with measured velocity profiles.’ 


Asymptotic Expression for Friction Factors Deduced From 
the Logarithmic Velocity Distribution Law 


In this case we assume that, close to the wall 





Fig. 11 Schematic presentation of flow in curved pipes 
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Fig. 12(a) Axial-velocity profile in a curved pipe (Adler |9|), and the 
theoretical thickness of shedding layer, where R/r 50,R = 8.54 X 


10°, and R(r,/R)’ = 3.42 Fig. 13 Diagram showing lines of constant axial velocity (Saph and 


Schoder |23|) and the theoretical thickness of shedding layer, where 
R/ryo = 19.2,R = 6.52 X 10', and R(r,/R)®? = 178 


Since A is small compared with unity, we have, from (36 a 


and (40 


~ Kv, 


and 


Then the order of magnitude of each term in the « ju 


ifter division by pv,,?ro, is 


CONVEX SIDE 


Ww 
f=) 
73) 
w 
> 
3 
z 
° 
oO 


Fig. 12(b) Diagram showing lines of constant axial velocity (Adler 
9), and the theoretical thickness of shedding layer same as Fig. 12(c) 


where 


be the same order of magnituce Hence 


ive log, (> ) 3 K ~ (r/R 
V%Y SRR 


gradient in the 


Hence Irom 4 t follows that 
f ~ ) 


ved kliminating Y from (47) and (49) we have the 
1 log, + B 
y 


pression of the type 


l R 
where A has the same value as before, and B is about 5.5. a k, log |r ) f + | 


aoe . f 
Che component ry must vanish at & = 6. However, without ; 
further assumption for vy, the asymptotic expression of the type where k, and ks are constants 


(9) is obtainable directly from the afore-mentioned conditions An approximate unpublished calculation similar to that given 
For brevity we write in the case of the 1/7th-power velocity distribution, leads to the 


(41) conclusion that 
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k, = 2.0, ke = —€,33 51 


The numerical coefficients are slightly different from that in (9), 
and the difference may again be attributed to somewhat rough 
and semiempirical nature of the calculations. 


DISCUSSION 
J. D. Hamilton® 


One aspect of this interesting paper deals with the 


straight 


friction 
This subject has been investigated 
at the writer's laboratory in connection with some tests 
It 
was required to check the friction factor of the steel pipe used 
in the tests The 
centistokes viscosity at deg C 
olds numbers from 100 to 20,000. 

The test arrangement was similar to the author’s setup for his 
straight length of pipe. A bell-mouth entry connected a 4-in- 
diam supply pipe to the test pipe which had a bore of 0.830 in., 
Fig. 14. 

First tests repeatedly revealed 


lactor tor pipes 
recently 
on pressure loss of valves and fittings used in oil hydraulics. 
test fluids were mineral oils of 37.5 and 160 


22 and the flow range gave Reyn- 


an apparent continuance of 
laminar flow to a Reynolds number of 9000 with a transition re- 
gion of 9000 to 13,000. 

It was suspected that boundary pressures were being measured 
at P 
unusual velocity profile 


and P, rather than the mean pressure, possibly caused by an 
the pipe. To check this, a 100- 
diameters length pipe was fitted upstream of the 100-diameters 
test length (instead of the previous pipe which had been only 20 
diameters long) to allow a normal velocity profile to be estab- 
lished. The result of this was to give an apparent transition re- 
gion of 3500 to 5000 Reynolds number. 

\ disturbance, valve, was inserted just 
after the bell mouth and the resultant friction factors showed a 
transition range of 2000 to 3000 Reynolds number. 

Does the author consider that similar conditions may have 
existed in his test rig and that the high critical Reynolds numbers 
Fluid Me- 


Laboratory, 


In 


in this case a needle 


*' Department of Scientific 
Mechanical 


and Industrial 
Engineering 


Research, 
Division tesearch 


Seotland 


chanics 
Glasgow 


shown in Fig. 3 of the paper reflect true flow conditions in the 
Will he state the lengths of the straight pipes used in his 
tests and describe the method of obtaining the pressure at the 


piezometer stations? 


L. MacG. Trefethen® 


The author has presented very useful experimental results, 


pipe? 


and a turbulent-flow analysis the importance of which he under- 
states in his presentation. Now that this information is availa- 
ble, it it with data obtained from the 
analogous case of flow in rotating radial tubes, and thus to demon- 
strate that the approxi- 
mation, independent of the nature of the transverse body force, 


is possible to compare 


secondary-flow effects are, to a close 


in turbulent as well as in laminar flow. 

The writer has suggested” that this type of secondary flow and 
such of its effects as increased friction factors are determined by 
the magnitude of the (otal transverse body force (and also, of 
course, by the tube diameter and the properties of the fluid) 
This transverse body force can be approximated easily if the as- 
sumption is made that all the fluid moves at mean velocity, V, an 
assumption which is not quite correct but which leads to the 
simple conclusion that, if (f,/f,) for laminar flow in a bent tube 
a function of Nre(ro/R)’*, then (f/f,) for laminar flow in a 
rotating tube will be the same function of NRe(w2ro, V)’ *, where 
w is the angular speed of rotation of the tube about an axis per- 
pendicular to the tube, and f and f, are 
ary friction factors, respectively. 


1s 


» the rotating and station- 
Crude experiments” with ro- 
tating tubes demonstrated that this function is approximately the 
same for laminar flow. More recent and more accurate experi- 


ments'! show this clearly. As plotted in Fig. 15, laminar-flow 

® Professor of Mechanical 
ford, Mass 

LL. Trefethen, ‘Fluid Flow in Radial Rotating ree 
Congrés International de Méchanique Appliquée, vol. 
Bruxelles, 1957, pp. 341-350 

11 L. Trefethen, ‘Flow in Rotating Radial Ducts: Report R55GL 
350 on Laminar Flow in Rotating, Heated Horizontal, and Bent 
Tubes, Extended Into Transition and Turbulent Regions,"’ General 
Electric Company, Report No. 55GL350-A, August, 1957 
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Fig. 15 Comparison of laminar-fiow data for bent tubes [6] with data 
for radial rotating tubes'! 


data for rotating tubes are about 13 per cent below the laminar- 
flow data for bent tubes, within a secondary flow effect on fric- 
tion factors ranging up to 500 per cent 

This 13 per cent discrepancy between laminar-flow data is 
largely due to the foregoing assumption that all fluid moves at 
mean velocity, not to inapplicability of the concept that the total 
transverse body force determines the secondary flow. The 
Coriolis force on a particle is proportional to its velocity, whereas 
centrifugal force is proportional to its velocity squared. Since 
velocity profiles are not flat, the similarity method just outlined 
ascribes equal total transverse body forces to cases where, in fact, 
the bent-tube force would be greater. The writer has integrated 
one known velocity profile, in order to estimate the discrepancy to 
be expected when both bent and rotating-tube data are plotted 
as in Fig. 15, and obtained the unfortunate prediction of 13 per 
cent 


(The data are not that accurate Therefore the conclu- 


sion is suggested that friction factors in the two cases are alike 
to within about 2 per cent on the basis of equality of total trans- 
verse body forces. If body forces are represented by the mean 
velocities, and integration of the profile thus avoided, the simple 
method of plotting used in Fig. 15 results, and the rotating-tulx 
friction-factor ratios lie about 13 per cent below the bent-tubx 
values. (A similar relationship apparently holds for heat-transfer 
coefficients in heated horizontal tubes."°"! 

Similar conclusions now appear to hold for turbulent flow 
The writer obtained turbulent-flow data for rotating tubes,'' but 
the increase over nonrotating turbulent-flow friction factors is 
so insensitive to Reynolds that the turbulent range 
covered did not allow for empirical determination of that depend- 
ence. 


number 


The author’s analysis in his Appendix suggests such a 
dependence for bent tubes, and his bent-tube data conform closely 
to his analytical prediction. With the same similarity assump- 
tions made as the foregoing in the laminar-flow case, it can be 
shown that if, in turbulent flow in bent tubes, f(R/ro)’? is a 


function of Nr.(ro/R)*?, then, for turl ulent flow in rotating tubes, 
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or Log f/(w2t>/V) 
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Fig. 16 Comparison of author's turbulent-filow correlation for bent tubes 
with data for radial rotating tubes! 


Jt /(W2ro/V)’* should be the same function of Naf w2r, | 
rotating-tube data are compared, on this basis, with the 
proposed bent-tube correlation, Equation (2), in Fig 
discussion, and again the rotating-tube data are lower 
by about 2 to 5 per cent. 


The 
iuthor’s 
16 of this 
this time 
The same effect of velocity profile s 
which applied to the laminar-flow comparison would apply her 
the 
The writer has not ints 


but, since the profiles are flatter in turbulent flow dis- 
crepancy might be expected to be less 
grated a turbulent-flow profile to estimate what this discrepancy 
might be. 

The writer would suggest that much of the author's paper can 
be applied to rotating tubes as well as to bent tubes, and ap 
preciates the opportunity his turbulent flow data and analysis 
have provided to demonstrate the close similarity which exists 
between turbulent-flow effects in bent This 


analogy is useful, since it permits one to model experiments 


and rotating tubes 


tween systems, to use data from one system in another, and to 
tie together in one’s thinking several varieties of what are es 


sentially the same phenomena 


By this time it is probably not 
surprising to note that the critical Rey | 


nolds-number inere 
appears to be the same for the two systems 

The rotating-tube experiments and conclusions 
lished shortly 


Author’s Closure 


The author wishes to express his sincere thanks to Mr. Hami 
ton and to Professor Trefethen for their interest and discussion 
and for their presentation of valuable experimental information 
Mr. Hamilton has asked the details of the author's test arrang: 
ment for the straight-pipe experiments. In this case, a straight 
pipe of about 250 diameters long (later used as an upstream tan 
gent) was connected at the exit of the bell mouth direct] , and 
the pressure drops were measured between the two piezometer 
stations distant 125 and 225 diameters, respectively, from the exit 
of the bell mouth 
shown in Fig. 17 


The details of the piezometer station are 


In each station there were four piezometer 


openings, 0.5 mm in diam, drilled at 90-deg intervals in the cu 


cumference Sufficient care was taken t 


» Scrape off the burrs 
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Fig. 17 Piezometer station 


so that the inside edge of each hole may be flush with the surface 
lhese holes were connected, respectively, to a multitube manome 
ter by rubber tubings 

Mr. Hamilton has asked whether similar conditions as his tests 
may have existed in the This is difficult to 
answer readily since in the author's experiments, although the in- 
Reynolds 
104 to 2.3 & 10° as shown in Fig. 3, the ex- 
periments with a different location of the upstream piezometer 


author’s test rig. 


sertion of the thin-plate orifice lowered the critical 
number from 1.1 X 
station were not carried out However, with a smooth entry, the 
high critical Reynolds numbers shown in Fig. 3 or 14 are not sur- 


prising in view of many experimental informations now availa- 
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ble.'2. The author should like to mention that in such cases 
laminar flow is inherently unstable, and the least disturbance 
appears to transform laminar flow into turbulent flow. In some 
of the author’s earlier experiments, the transition was observed 
to take place at a Reynolds number of about 8 X 10° more or 
less, instead of 1.1 x 10* 


hardly perceived) of the 3-in. supply pipe, which was caused by 


In this case, a vibration (although 
the vibration of a 2'/,-in. vertical pipe used as a bypass from the 
constant-level tank, was observed. This fact was soon found, 
and the vertical bypass pipe was fixed to the ground 80 as to 
eliminate the vibration of the supply pipe. Then tests were re- 
peated, and the results shown in Fig. 3 were obtained. Therefore, 
in the author’s tests, the elimination of the vibration of the 3-in 
supply pipe was essential to maintain laminar flow up to values 
of the Reynolds number exceeding 10+. 

Professor Trefethen has suggested that much of the author's 
paper can be applied to rotating tubes, and has shown a close 
similarity which exists between turbulent-flow effects in bent and 
rotating tubes. The author is happy to learn such application 
of the bent-tube experiments which he had not noticed before this 

With the trend toward high-speed high-mass-flow fluid ma- 
chinery, the secondary flow effects now become increasingly sig- 
nificant in many problems in hydraulic engineering. Professor 
Trefethen’s findings will be a useful addition to the literature on 
secondary flows in rotating systems 

In conclusion, the author 


takes this occasion to express his 


sincere thanks to Professor R. Ek. Kronauer, Harvard University, 
for his able presentation of the paper at the Detroit meeting on 


behalf of the author 
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Characteristics of a Self-Lubricated 
Stepped Thrust Pad of Infinite Width 


KIKUO C. KOCHI 


Senior Research Engineer, 
Preliminary Guidance Anaylsis, 
Autonetics, North American 
Aviation, Inc., Downey, Calif. 


With Compressible Lubricant 


Harrison's equation for the pressure in 
solved for a thrust pad with stepped configuration 
and load are developed 


a ga lubricated hearing of infinite widti 
Analytic expressions for the pressure 


Numerical results are presented graphically. The analyti 


expressions together with the numerical data permit most of those characterisiics of the 


stepped pad of pract 


ical interest to he 


completely determinable Determination of 


optimum de sign parameters ts given hya pair of graphs 


A. EXPLICIT pressure solution is exceedingly difficult 
to obtain from Harrison’s pressure equation for gas-lubricated 
bearings, even for bearings of simple geometry, because the dif- 
ferential equation is nonlinear. Exact integrals do exist to 
Harrison’s equation! but the pressure is found to be contained im- 
To the author’s 
knowledge, there is no known exact explicit pressure solution to 


plicitly in difficult transcendental equations. 


Harrison’s equation for any bearing geometry, where the lubricant 
film is assumed to be compressible 

Usually either a linearizing perturbation or an exact numerical 
method is employed to obtain pressure-distribution curves and 
bearing-load-carrying capacity from Harrison’s equation. If 
perturbation techniques are used, the analytic results obtained, 
while giving a fairly accurate qualitative structure of the solution, 
will have design applicability restricted by the approximating 
Aus- 


assumptions. This is found to be true? in the case of J. 8S 


W J. Harrison The 


* Lubri« ator 
With Special Reference to 


Theory of 
Trans 


Hydrody namical 
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22, 1913, p. 16 
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Nomenclature 


man’s perturbation solution for the cylindrical journal bearing of 
infinite width where the accuracy of his solution is confined to 
lightly loaded journal bearings; i.e., it solutions 
On the other hand 
exact numerical methods, while giving accurate solutions for a 


gives accurate 


for journal eccentricities less than one half 


given set of bearing-parameter values, are restricted to that par 
ticular set of values, and involved numerical work is necessary to 
extract additional information. Moreover, the qualitative chara 
teristics of the bearing as, ior example, optimum design conhigu 
tion 


would be exceedingly difficult to ascertain. An exampl 


this instance is Harrison’s solution for a bearing with double-ramp 
configuration 

In this papel Harrison's equation is solved fora stepped thrust 
pad It is found that, for this particular configuration, the usual 
difficulties of the pressure solution outlined in the foregoing are 
nt the 


isymptoti 


largely overcome: 
load 


exact numerical solutions, 


that is, the over-all qualitative structure 


pressure and optimum bearing parameters, 


solutions, ind design curves can be de 
termined with relative ease. A method is presented whereby ad 
ditional numerical results can be obtained with minimum effort 
The pressure solution is found to be contained in a set of trons 
they that 


simple graphical methods can be developed to obtain numerical 


endental equations However ire such relative 


results The load expression is developed from the pressure so 


tion employing a simple transformation 
The cle sign problem lor a stepped thrust pad is reduced to 


pair of graphs. One graph gives the load-carrying 


maximum 


capacity in terms of the nondimensional parameters 8 and 





length between pad step and 
trailing edge of bearing 
length between pad step and 
leading edge of bearing 
bearing clearance height 
clearance in Region | 
clearance in Region II 
total length of bearing 
load per unit width 
pressure in bearing 
ambient pressure 
pressure in Region I 
pressure in Region I] 
maximum pressure or pres- 


sure occurring at step 
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mass flow rate of lubricant arbitrary 


ratio of minimum clearance } 


height to difference nm clearance 
clearances 
relative speed of upper mem twee! 


to 


ber of pad to lower mem- edge 


ber length 


linear measure along bearing irbitrary 
length 
Sell) /( Pook? 


sional parameter 


irbitrary co 

nondimen viscosity of 
constant ol P,/P 

Regior 
of lubricant P,/P. 

arbitrary 


integration pro 


portional to mass flow rate 


constant 
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ratio 


step itie 


ratio ol 


ratio ot 


constant 


liffe renee 


heights 


of length be 
|! trailing 


total be 


ing 


constant 


stant 


1 
lubric anit 


sumed constant 


pressure 


l to ambi nt 


pressure in 


Region IT to ambient 
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parameter § depends directly upon viscosity, speed, bearing 
length, and inversely upon ambient pressure, and the square of 
the step height. Parameter s is the ratio of the minimum clear- 
ance height to the step height and is essentially a measure of the 
stiffness of the bearing. Maximum load is defined as the load 
which is obtained for an optimum value of 7, the ratio of the 
length of the step from the trailing edge of the bearing to the 
total bearing length, and for an optimum value of 8, keeping s 
fixed. In design considerations then, the parameters optimum 8, 
8, and optimum 7 will yield the optimum bearing configuration 
maximizing the load. The second graph permits the determina- 
tion of optimum 7 for fixed values of 6 and s. Aside from the 
one serious restriction due to the infinite width assumption, these 
curves with the additional curves included in this paper, permit 
most of the practical characteristics of the bearing to be deter- 
mined completely. 

A constructional feature of the stepped bearing, which may 
prove to be a real advantage, is that the stepped configuration is 
sufficiently simple to machine to the close tolerance required for 
hydrodynamic bearings. It is much easier to shape a step into a 
flat surface than to shape it into any other profile. 

One other advantage which is only conjectured here is that the 
stepped pad of optimum parameters may yield the maximum 
load-carrying capacity over all other configurations. One is led 
to this, rather heuristically, by Lord Rayleigh’s variational 
proof? of this fact for incompressible lubricants. 


Pressure- Differential Equation 


Harrison' has shown that for gas-lubricated bearings of infinite 
width with isothermal pressure-density relationship, the pressure- 
differential equation is given by 


dP bul 
dr h? Ph 


where uw is the dynamic viscosity of the lubricant (assumed con- 
stant), U is the relative speed of the upper and lower members of 
the bearing, A the clearance height, ? the pressure, z the linear 
measure along the bearing length, and ‘y’ a constant of integration. 
It can be shown that yy’ is proportional to uQ where Q is the mass 
flow rate of the lubricant per unit width. 


REGION I REGION 0 


—C2— 


UPPER MEMBER 
- MOVES WITH 
SPEED u —> 

















Fig. 1 Profile of stepped pad 

Fig. 1 shows a cross section of a stepped thrust pad. The 
nomenclature employed for the dimensions of the pad correspond 
to those indicated in this figure. Region I defines the section of 
the pad where the clearance height is smaller (h;), and Region II 
the section where it is larger (hz). For convenience in obtaining 
the pressure solution for each region, the origin of the co-ordinate 
system for Region I is assumed to be located at the trailing edge 
of the bearing and for Region II at the leading edge. It will be 
assumed hereafter that parameters with subscripts 1 and 2 will 
be associated with Regions I and II, respectively. 

The pressure solution must satisfy the following boundary con- 
ditions: 


*Lord Rayleigh, ‘‘Notes on the The 
sophical Magazine, vol. 35, 1918, pp. 1-12 
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P\(z = 0) = Py = P{z = 0 (2 

Pz =¢) = P, = P(r = —c (3 

where P, is the ambient pressure and P, the pressure at the bear- 
ing step. 

It was indicated previously that the constant 7’ is proportional 
to the mass flow rate of the lubricant at any point in the bearing 
The volume flow is then proportional to y’/P. Continuity of 
the volume flow at the step of the bearing together with the con- 
dition for pressure continuity, Equation (3), requires that y’ be 
the same constant for Regions I and II. This gives rise to the 
following equations: 

dP, -6uU 
dz h;? 
IP; -6uU 


ir 
where 
follows that 
(6 


This equation essentially summarizes the condition for volume 
flow-rate continuity at the step of the bearing 


Pressure Integral 


Equation (1) is readily integrable since the clearance h is 


constant for each region Let 


bull 
} 


then Equation (1) can be put into the form 


s PdP f ;' ™ 
= ax (3) 
Jn 7 +7 J0 


where boundary condition (2) is imposed for the lower limit of 
Integration with respect to Equations (4) and (5) 
vields the following transcendental equations for the pressure in 


integration 


tegions I and IT, respectively 


6uU 


bul’ 
h;? hz? 


Boundary condition (3) implies the following: 


-P, i 
P aP, 
yi 
a P, 
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Ae, 
= 


Py 


The complete pressure solution is given by the set of five equa- 
tions: Equations (6), (9), (10), (12), and (13). Equations (6), 
(12), and (13) will determine the constants of integration P,, y,, 
and 2, in terms of the given physical parameters of the bearing 
Substitution of these determined values into Equations (9) and 
(10) will yield the pressure distribution. It is needless to say that 
while the foregoing procedure to obtain the pressure solution 
appears simple in principle, it nevertheless involves a certain 
amount of preliminary tedious numerical work 

In order to handle the foregoing pressure solution more con- 
veniently define the nondimensional parameters 


Wi = PUP 
= P, Py 
= ¢/l 
=h,/A 
1 = ¥:/(aPo 
2 = Y¥2/(a2Po 
= (3uU')) (Pod?) | 


Substitution of these parameters into Equations (6), (9)-(13) and 
rearranging terms will yield the following nondimensionalized 
equations: 
































Fig. 2. Plot of function £; In (—y + £,)/(-—1 + £)) 
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Independent parameters in these equations which complete! 
specify the pressure distribution are s, 8B, n, z/c:, and r/c. The 
unknown dependent variables to be solved for in the foregoing 
equations are y,, &, &, Wi, and Y. Hereafter the word pres- 
sure will refer to the nondimensionalized pressure . 


Numerical Methods for Pressure Solution 


Because of their transcendental nature it is necessary to employ 
graphical techniques to the solution of Equations (15)-({19). It is 
noted incidentally that these equations would be difficult to pro- 
gram for computing machines. In Figs. 2 and 3 the left sides of 
Equations (15), (17), and (16), (18) are, respectively, plotted for 


,70 9a 





Fig. 3 Plot of function £) In (—y + £2)/(—1 + &) 
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The 
right sides of these equations which are straight lines are plotted 
in as dotted lines. 


various values of & and & and with y 1 as the abscissa 
These curves are used to facilitate the nu- 
merical work involved in determining the pressure distribution. 

To determine the pressure distribution in the bearing for « 
particular set of the independent parameters, the procedure out- 
lined in the following is usea: 

First, the set of Equations (17), (18), and (19) is solved simul- 
taneously for y, the pressure at the step of the bearing, and &, & 
This solution is accomplished by 
obtaining from Fig 2 a plot of , against &, and from Fig 3 a plot 
of W, against &; eliminating either £, or & using Equation (19); 
plotting the resulting two curves of y, against either & or &; 
and from this obtaining the solution which is given by the inter- 


which are arbitrary constants. 


section of these two curves 

Next, having determined & and &, the respective values are 
substituted into Equations (15) and (16). For each value of x/« 
ind 2/e,, which defines the position in the bearing at which the 
pressure is being determined, there is a unique pressure solution 
¥, and We given by these equations. Referring again to Figs. 2 
and 3, the right and left sides of Hquations (15) and (16) are in- 
terpolated into the series of curves shown in the respective figures 
and each of the values 1 and v2 is obtained directly by the inter- 
sections of the right and left sides of these equations. This is re- 
peated for a sufficient number of points x/e; and 2/c2 until a com- 
plete pressure profile is obtained 


Load 


\ simple transformation can be used to give the load in terms 


of ¥,, &, 


(17), (18 


and é 


,and (19 


which values were determined from Mquations 

The load is given by the integral of the pres 
sure above ambient over the bearing area For infinite-width 
bearings, the load given as load per unit width is expressed by 


the following integral for Region I: 


L ee i) 
lp J { P. ‘ 


dr 


I 
d 
dy vs 


The pressure Y, is a continuous function with bearing length in 
Region |. The integral (21) exists if dy,/dx # 0. It can be 
shown that dy,/dz approaches zero asvmptotically for large 
values of 0; however, it never assumes the value zero for any 


particular value of 8. Thus integral (21) exists and will yield the 
loud capacity 


From Equation (4) it follows that 


dr . ( ‘ y 


Substituting (22) into (21 


and integrating the result vields the 
following expression for the load in Region I: 
| 


28n (y,? 


(? + 2, 
28 
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Qualitative Structure of Pressure Distribution and Load 


Before entering into a detailed discussion of the numerical re- 
sults, it would be instructive to describe, qualitatively, the 
characteristics of Equations (15)—(19) and (25). 

For small values of 8 the pressure and the load reduce to the 
case of incompressible flow. The pressure and load expressions 
for this case have been developed by Archibald.‘ In terms of the 


notations used here these expressions assume the following form: 


(26 


Space does not permit a proof of this statement; however, the 
reader may readily verify that Equations (15)—(19 


duce to (26)—-(29 


and (25) re- 
by taking a first-order perturbation of the pa- 
rameter 6 about zero with respect to the former set of equations 
As $8 approaches infinity the compressibility effect of the gas 
predominates. In Equations (17) and (18) it is seen that as 8 > 
,& > y,, and & — | 


5) it follows that 


Using Equations (15), (16 19), and 


/ 
P 


Thus the pressure and load characteristics are determined only 


by the dimensions of the bearing. The foregoing equation for the 


pressure can be written as 
Pihy = Poh 34 


which is essentially the isothermal compressibility equation of at 
ideal gus. It is also seen from these equations that the maximum 
pressure WY, can never exceed the ratio of the larger clearance to 
the smaller. Hence the upper limit to the pressure attainable in 
the bearing is limited by this ratio 
Parameters £ and & are positive 


This is immediately noted 


when it is recognized that they associated with the 


flow Ww hict 


are directly 
lubricant volume must be positive to obtain load- 
carrying capacity 

Nondimensionalized pressures ¥, Y2, YW, are greater than unity; 
that is, the pressure in the bearing is above ambient at every point 
in the bearing. Physical arguments indicate that the convergence 
which is effected by the step can give rise to only a positive pres- 
sure build-up. Mathematically it is seen from Equations(15)—(19 
that values less than unity are untenable 
tions show that W and Y 


the pressure at the step 


Moreover, these equa- 
both increase monotonically toward y,, 
For this reason, y, is also the maximum 
pressure in the bearing 

The following inequalities are valid: é a y,and & < ] These 
conditions are absolutely necessary if Equations (17) and (18) are 

“F. R. Archibald A Simple 
ASME, vol. 72, 1950, pp 


Hy drody narmic 
393-400. 
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to yield valid results; otherwise it is seen that mathematical in- 


consistencies arise in these equations. The foregoing inequalities 
are important in that they aid in narrowing the range of values 
the 


transcendental pressure equations, Equations (15)-(19). 


which must be considered in numerical solution of the 

The proof for these inequalities rests upon the fact that th 
right side of Equations (17) and (18) are, respectively, negative 
and positive for all physically reasonable parameter values. It 
is easy to see that the right side of (17) is always negative since all 
the parameters are positive and Y, > 1. From this fact it can 
easily be shown that & > W, must hold 


ity it is necessary to show that the right side of (18) is positive 


For the second inequal 


It is sufficient to show that the following inequality is alwa 
valid: 
23 — I 


compressible 


greater than for the 


maximum pressure for incompressible lubricant is alwa 
compressible lubricants. Therefore it follows 
from Equation (26) that 


1) compressible 


But it is also true that 


2501 
I 


Hence the right side of Equation (18) is always positive 
inequality & < 1 can now be established without difficult 
Oand 9 = 


These are 


Two singularities for the cases n = ¢,/l = l appear in 
the pressure solution, Equations (15) (19 
If » 
it is seen that the only tenable solution for (17 


while (18 How 


not serrwus 


but require an explanation 0 is substituted into Mqua 


tions (17) and (18 


/ 


is that y l will be inconsistent for this value 








ever, boundary conditions and continuity of the pressure which are 
primary requisites for a valid solution imply that the pressure at 
the step Y, must be equal to the ambient pressure when 7 = 0 
Hence vy, 


the bearing must be greater than or equal to ambient, the pressure 


| is the correct solution and, because the pressure in 


distribution also must be ambient, and the resulting load-carrying 


capacity is zero. Fig. 2 partially bears out this argument. It is 
seen that the dotted straight line corresponding to n = 0 of the 
right side of equation (17) passes through the origin so that ¥ 

l \ similar argument can be used to show that the identical r 
sults given in the foregoing is obtained for the case 7 1 using 
Fig. 3 


As the independent parameter s — © the pressure solution will 
upproach the solution for incompressible lubricant; that is, this 
solution will be given by the case where 8 — 0 which has been 
discussed in the 


except where x /« 8] 


foregoing. 


j 
ind . 
Thus the pressure in Region | appro 


+ (the pressure solution shows that vy, > 


the maximum pressure No inference for the asymptoti 


ean be drawn for the pressure y¥ in Region Il 


Numerical Results and Discussion 


1 Maximum Pressure. ligs. | tishow the variation of the 


nul pressure above ambient, i.e., the pressure occurring at 


ibscissa and for several t pu 


step with the parameter DO as the 


values of the parameter s keeping 7 fixed 


tepresentative value 
1/2 


that is, the step is lor ited one quarter, one half, and three quarters 


selected for 7 in these three gr iphs are 7 1/4 and 3/4 


of the total bearing length from the trailing edge of the bearing 


These curves clearly show how the maximum pressure is 


fluenced by the compressible nature of the lubricating film 


For comparative purposes and to emphasize the differences 


tween compressible ind incompressible lubricants, the asymptotir 


MANNII pressures Lor the cases 0 — Oand 6 — ire shown as 


dotted lines in these figures These are plots of Kquations (26 


ind (30), respective 


T 














Fig. 4 Maximum pressure for 7 
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Fig. 5 Maximum pressure for 











Fig. 6 Maximum pressure for» = 3/4 


The afore-mentioned figures together with the asymptotic solu- 
tions permit the characteristics of the maximum pressure in the 
For any fixed value of 8 the 
maximum pressure increases with decrease in the parameter s 


bearing to be known completely 


For any 8 the maximum pressure above ambient does not exceed 


1/s. In the regions of small 8 the maximum pressure is asymp- 
totic to the incompressible solution, always remaining less than 
this solution and approaching it as 8 — 0. 
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In the case of the incompressible solution, Equation (26), it 
can be shown that an optimum 7 exists which optimizes the maxi- 
mum pressure. On determining the maximum of Equation (26 
with respect to the parameter 7 the following relationship will be 


obtained for the optimum 7 


i 1 s\'/2 
Se ( = ‘) (35) 
Nopt & 
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Typically for s = 0.3 the optimum 7 is equal to 0.1 and the opti- 
mum maximum pressure above ambient is (W, — L)op: = 0.748. 
Thus the maximum slope of the incompressible solution will be 
0.74. For all other values of 7 then, the slope decreases approach- 
ing zeroas 7 > Oor n> 1. 

Pressure Distribution. In Figs. 7-9, pressure-distribution curves 
are typically shown for 8 = 5 with s as the parameter and 
for several values of 7. The numerical examples given for 
and 7 correspond to those chosen in Figs. 4—6 for the maximum- 
pressure curves. Again it is emphasized that, while some of these 
figures appear to show the pressure slope at the step in Region I 


to be zero, actually there is a finite slope which is different from 
zero. 

It is interesting to note here that if the incompressible solution, 
Equations (27) and (28), which is given by straight lines is 
plotted on these graphs using equivalent parameter values, the 
load which is the integral of these curves, in some cases, can be 
greater for the compressible case than the incompressible. Hence 
compressible lubricant can yield higher load-carrying capacity 
than the incompressible. Actually this conclusion is not 
realistic inasmuch as the viscosity and therefore @ is significantly 
different in magnitude for the two cases 
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Fig. 7 Pressure profile for» = 1/4 and 3 





























Fig. 8 Pressure profile fory = 1/2 and = 


Journal of Basic Engineering 


1959 / T4l 


JUNE 





Fig. 9 Pressure profile for » = 3/4 and 3 = 5 





























Fig. 10 Pressure distribution for 
various values of 6 ats = 0.5 

















Fig. 11 Load per unit width 
forn = 1/4 
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Fig. 13. Load per unit width for » 


| ig. LOshowst 


he pressure-distribution curves for various values 
of 0 with s 0 


5 and 7 O.5 The dotted line shown is the 
asvmptotic pressure distribution as 8 — 


The the 


scribed as follows 


characteristics of pressure distribution can be de- 
For small 9 or large s the pressure distribution 
is given by the case 0 — O which gives a triangular-shaped dis- 
tribution with the apex at the step and the two vertexes at the 


ends of the bearing, equations (27) and (28 As § increases the 


pressure above ambient at the step increases, Figs. 4—6, toward the 
ratio | ind the pressure distribution in Region I approaches 
the constant value 1/s while in Region Il it decreases to ambient 
This increase of the pressure in Region I and the corresponding 
decrease in Region I] as 6 ~ & gives rise to an optimum 6 which 
maximizes the integral of the pressure curves (load). This will 
be discussed more in detail. 


Load. 


Total load capacity of the stepped thrust pad is typically 
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described 
asymptotic cases 6 — O and 6 — 


also shown in these figures 


by the series of curves shown in Figs. II 


Equations (29) and 


It is particularly noted that the maximum load occurs at a 
value of 8 which is not necessarily infinite. This is tantamount 


to obtaining maximum load at comparatively low operating 


speeds. It is an effect not present with incompressible lubri- 
cants, and not heretofore noticed in connection with gas bearings 

The reason for the presence ol this phenomenon in the gas- 
lubricated stepped pad is that the nonlinear pressure distribution 


in Region I closely ipproaches the constant maximum pressure 


y, 1 at comparatively low values of 8 (optimum §), while in 


Region II the pressure distribution is considerably higher than 


ambient As a result, the load which is the area of the pressure 


curves 18s larger at these values of 6 than for 8 equal to infinit 


Typically in Fig. 10 it is noted that at O.5 the pressure dis 
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tribution in Region I is close to its maximum distribution when 
8 > 10 while in Region II the pressure distribution is considerably 
greater than ambient. As § increases, the pressure distribution 
in Region I remains relatively unchanged while in Region II the 
distribution drops asymptotically toward ambient, approaching 
Thus the area of 
the pressure curve is greater than what it would be at 8B —~ o. 
Figs. 14 and 15 typically show cross plots of the total load at s 
0.3 and s = 0.5 with 7 as the abscissa and for several values of 


in the limit the dotted line shown in this figure. 


0. In these figures are also shown the locus of maximum load 
from which a plot of optimum 7 versus 6 can be obtained. These 
figures show that as 6 — the optimum 7 tends toward unity 
It can be established that this is a general characteristic for all 
values of s 


Design Curves. Since 6 and 7 are the two optimizing parame- 


LOCUS OF 


MAX LOAD Y, 
/ 


7 
\ 





Fig. 14 Load per unit width versus » for various 8 ands = 0.3 








ters which will maximize the load, it would be useful to charac- 
terize this fact by a set of curves. 

Fig. 16 shows a series of curves which give the maximum load 
in terms of s and optimum 8. Each of these curves is essential) 
the envelope of the set of load curves given in Figs. 11-13 for a 
fixed value of s. (They were obtained graphically from these 
figures. ) 

In Fig. 17 is shown a series of curves which give the variation 
These 


curves as previously explained are obtained by cross-plotting the 


of optimum 7 with optimum § for several values of s. 


load curves, Figs. 11-13 against n for several values of 8 keeping s 
fixed. 
then optimum 7 should be close to unity. 

The two graphs, Figs. 16 and 17, are sufficient to permit the 
determination of optimum parameters for the stepped pad. 


These curves show that if optimum 8 is chosen very large 
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Fig. 15 Load per unit width versus » for various 8 ands = 
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Fig. 16 Maximum load per unit width versus optimum 8 
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Fig. 17 Variation of 7 with 


at 
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10 
B 


at 


8 for various values of s 





Typically, optimum £8 and s will be selected on the basis of the 
desired load from Fig. 16 and the corresponding optimum 7 can 
be determined from Fig. 17. In Fig. 16 there will be a set of val- 
ues of Bopt, 8, and Nop Which gives the required load; the particu- 
lar choice for these parameters can be based upon other optimiz- 
ing considerations which do not depend upon the foregoing dis- 
cussion. For example, there may be an upper limit to the operat- 
ing speed, in which case a smaller speed may be selected at a dif- 
ferent value of s, and optimum 7 which still yields the same load 

In Fig. 16 are also shown the asymptotic maximum load 
curves for 8 — 0 and B > « 
maximum load for B — Oils 


The expression for the asymptotic 


Bnop:? 


3? 


Less 


- = (36 
Pol 
where. opt is determined in terms of s from Equation (35). 
is the equation which is plotted in Fig. 16. 

The asymptotic maximum load for 8 — plotted in Fig. 16 is 


This 


Dmax 
Pol 


.. 


(37) 


This equation requires some justification. It is obtained in the 
following way: For large 8 the maximum pressure is 1/s and the 
pressure in Region I becomes asymptotically equal to this value 
Thus total load is proportional to y/s and this is maximum as 
n—>1. Itis of course remembered that for 7 = 1 the load is zero. 
Hewever, Fig. 17 bears out that, as 8 —~ ©, optimum 7 — 1. 
Analytic Expression for Maximum Load. Because of the im- 
portance of the curves shown in Fig. 16 and also because they are 
somewhat tedious to obtain for other values of s, a simple ap~- 
proximate formula is developed which will characterize these 
curves with a reasonable accuracy. It is noted that the reciprocal 
of the maximum load is very closely given by the sum of the re- 
ciprocals of the asymptotic maximum loads, 8 + 0 and 8 > 


That is 
Pol 


Lmax 


? _ Pil 
~ Lmax(B — 0 


Pol 
LuukD =—_ 


33 
Bop? 


where Nopt is given by Equation (35), and the two terms on the 
right side of (39) are obtained from Equations (36) and (37) 
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Conclusions 


The analysis and the graphs presented herein permit most of 
the characteristics of a stepped thrust pad of infinite width to b 


determined with a minimum amount of effort 
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DISCUSSION 
W. A. Gross° 


The author has presented a valuable paper which compares 
well with the high standard previously established by the gas 
bearing work of his associates The curves presented will be of 
great value to the designer. Previously published works on the 
gas-lubricated infinitely long step bearing®’ have not made such 
a complete presentation of the results 

It would be well to emphasize the restrictions relating to finit« 
bearing length. Since significant losses in load capacity result as 
the length-to-breadth ratio decreases, the writer would like to 
have this effect discussed with respect to Figs. 14 and 15. 

It is claimed that, for small values of the bearing number £, the 
pressure and load reduce to the values predicted in incompressibl: 
flow theory. Although these conditions are approached, it is 
possible to obtain a more precise bounding condition for 8 — 0 


The Reynolds’ equation for the infinitely long isothermal gas 


film is, 
d 
dz ? 


’ Member of Laboratory Staff Applied Mechanics, IBM Research 
Laboratory, San Jose, Calif. Mem. ASME. 

6 V. N. Constantinescu, “Consideratii Asupra Calculului Lagarelor 
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Apply this now to Region I of Fig. 1, letting the normalized dis- 
tance be X 


z/l, and using the normalizations (14), 


d dy 
dX E dX | 


28 ) dy, 
s? dX 


and 
(43 


When pressure profiles for small bearing numbers are plotted, it is 
apparent that the limit is (43) rather than 


vi =1+(¥, —1)X 14 


as predicted by the theory for an incompressible film 
The pressure at the step is established by the bearing load rather 
than the requirement that flow be continuous across the step 


For Region I, the unit bearing load is, 


( L ) 2y,? 
Poe: ] po 


The center of pressure tot 


eke er ees oe 


Similar results may be obtained for 


tegion I is given by 


tegion IT. 


Author’s Closure 


The author wishes to thank Dr 
terest in the problem 


Gross for his comments and in 
He quite agrees that the solution for in 
finite width bearings leaves much to be desired when ipplied to 
finite width bearings 

For the stepped bearings an approximate finite width 
tion has been obtained from the Reynolds equation by pet 
turbation methods, this 
on an IBM 701 
reasonably good for qualitative purposes, 1s not always accuraté 
The 


study on the infinite width bearing was primarily motivated to 


Solu 


and solution has been programmed 


However, this approximate solution, although 
in the quantitative prediction of the bearing characteristics 
sharpen the finite width solution. It is intended to submit in a 
subsequent paper the results of the study on the characteristics of 
the finite bearing 

In connection with the foregoing the load curves in Figs. 14 and 


How- 


15 will be altered as the length-to-width ratio is varied 
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ever the numerical results with the approximate finite width 


solution indicate that optimum 7 is relatively unaffected by 


The 


Fig 17 therefore appear to be valid for predicting optimum 7 lor 


variations in the length-to-width ratio curves given in 
the finite width bearing 

With regard to the simplified solution for small values of §, 
equation (42 


, one fails to see why Equation $3) can be a better 


approximation than Equation (44 The solution Equation (43 
is based upon the premise that 8 = 0. The solution Equation 
44) is the asymptotic solution of Equations (15 
Hence it that Equation (44) is 
necessarily a better approximation than Equation (43 


values of B 


through (19) as 
8 approaches zero appears 


for small 


This contention can be shown rigorously: Suppose Equation 


(43) is a better approximatior From Equation (42) the pressure 
pI 1 


distribution in region 2 can then be written as 


Mquations (43 satisfy the cont 


fO.MU) {OM 


| po { ' po 
which impli s that 


ly 


or equivalently 


2y 
v, ie 


Since y, > 1 the cor 


y ’ J a 
implying that | quatior $2) will lead one to overs 
values of 6 From the 


pressure curves (Figs. 4 through 6) it is seen that for 


stimate the 


pressure for even small maximum 
ill values of 
3 the maximum pressure is always less than in the incompressible 
case represented bv the str iight dotted lines 
that Equation (42) cannot be a 


values of 8B 


The com lusion Is 
V alid 


ipproni! smal] 


ition tor 
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Direct Measurement of 
Net Positive Suction Head 


A simple, reliable, and accurate method for measuring net positive 
scribed, difficulties which may be encountered in its application are 
information indicating its reliability and accuracy is presented 
embodies the method consists of a vapor-pressure bulb that measure 
of the liquid, a pressure tap that measures stagnation pressure, a» 


ROBERT B. JACOBS: 
KENNETH B. MARTIN? 
RICHARD J. HARDY® 


a 


indicate (and record, if desired) the difference between the two pressure: 


Introduction 


i net positive suction head (NPSH) is the dif- 
ference between the actual stagnation pressure and the vapor pres- 


sure of the liquid at the suction of a pump. It is one of the mor 


important quantities which must be determined during the 


evaluation of pump characteristics, especially with regard to 


cavitation. The purpose of this paper is to describe a simple, re- 
liable, and accurate method for measuring N PSH 

The usual methods for determining NPSH vary in details be- 
cause of differences in pumps and test equipment, but they re- 
If the 


measured directly, 


quire the measurement of both pressure and tempt rature 
stagnation pressure (total head) cannot be 
st parate determinations of the static and dynamic pressures are 
made, the latter requiring flow measurements. From the tem- 
per iture measurements und v ipor pressure data, the v ipor pres- 
NPSH 


satisiactory tor 


sure is obtained A subtraction then gives the 
The usual methods, 


fluids 


however, are not sone 
For ¢ xample , the determination of NPSH with liquid hy 

drogen to an accuracy of one inch requires a temperature meas- 
urement accurate to about 0.0005 K The only simple, inex- 
pensive device that will give this accuracy is the vapor pressure 
thermometer Although it is not used as a thermometer, this de- 
vice is the basis of the method for measuring NPSH that is de- 
scribed here. The scale of the indicator can be calibrated to read 
NPSH directly; 


no computations are necessary 


Description of Method 


Fig. 1 is a schematic of the simplest type of installation, the 
pump being submerged in a sump. This configuration is used by 
the authors when determining NPSH with liquid hydrogen and 
liquid nitrogen. The system consists of three elements: 1, A 
stagnation pressure tube; 2, a vapor-pressure bulb and tube; and 
3, a differential pressure measuring device. The stagnation pres- 
sure tube transmits the stagnation pressure to one side of the 
differential pressure device while the vapor-pressure tube trans- 
mits the vapor pressure to the other. If the scale of the differen 
tial pressure device is calibrated in height of liquid the NPSH will 
be directly indicated. (It should be noted that, in this sump con- 

! This work was supported by the U.S. Atomic Energy Commission 

? National Bureau of Standards, Boulder, Colo. 

?U.S8. Naval Ordnance Laboratory, Corona, Calif 

Contributed by the Pumping Machinery Subcommittee of the Hy 
draulic Division and presented at the Annual Meeting, New York 
N. Y., November 30—-December 5, 1958, of Tue AMERICAN Soctt TY 
or MECHANICAL 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASMI April 25 
1958. Paper No. 58—A-38 
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figuration, there is an insignificant decrease in NPSH between the 
location of the instrumentation and the entrance to the first stage 
impeller this is a friction effect 

The Stagnation Pressure Tube. ‘Thi 
see Fig. 1 


stagnation pressure tubs 
is merely a tube with its lower end open to the liquid 
at the pump suction. If the liquid is prevented from rising in the 
tube, the pressure communicated to the differential pressure de 
vice is that existing in the liquid at the open end of the tube li 
desired, a correction for the 


hvdrostatic head of gas in the tubs 


can be made The authors have used two methods to prevent 


tube: 1, The 
he it conduc ted down the 


liquid from rising in the 


tube is insulated with a 


vacuum jacket. The tube evaporates 
any liquid which may rise in the tube An electric heater is in 
stalled at the lower end of the tube to supplement the heat con 
duction; it has not had to be used 2, A very small flow o 


helium gas is forced down the tube, thus keeping out all liquid 
The flow must be small so that only a negligible pressure difference 
down the tube is created The helium should be prevented from 
entering the pump In installations where the pressure in a suc 
tion pipe must be measured, the stagnation pressure tube must be 
a total head devices 


flow 


ind should have a minimum effect 
It should be noted that. 


on the fluid 


except for friction effects in the 
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VAPOR PRESSURE BULB 


Fig. 1 Schematic of vapor-pressure device for measuring NPSH 
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suction pipe, the NPSH measured in a sump should not differ 
from that measured in a suction pipe. 

The Vapor Pressure Bulb and Tube. As tliis part of the system 
is merely a vapor-pressure thermometer, it should fulfill the de- 
It is filled with material 
which is, as nearly as possible, identical to the fluid being pumped. 


sign requirements for such a device. 


The amount of material introduced into this part of the system is 
readily determined from the internal volume of the bulb, tubing, 
and differential pressure device; when the bulb is at its operating 
temperature, the liquid-vapor interface must be in the bulb. 

The importance of the identity of the composition of the fluid 
in the vapor-pressure bulb and that of the fluid being pumped 
must be stressed. If the fluids differ appreciably, they must be 
analyzed and correctivé computations be made. For example, if 
nitrogen being pumped has a 2 per cent oxygen impurity while 
that in the vapor-pressure bulb has none, an error of over 10 
inches in the NPSH will result; more than this amount of oxygen 
can condense from the atmosphere into liquid nitrogen as a result 
of poor handling technique. As another example, consider the 
effect of ortho-para composition in liquid hydrogen: If the 
ortho-para composition in the vapor-pressure bulb differs from 
that entering the pump by 5 per cent, the NPSH will be in error 
by about 12in. Difficulties from this source can be overcome by 
placing catalyst in the vapor-pressure bulb and in the pump 
sump to insure that equilibrium hydrogen exists in both places 

Because petroleum fuels are mixtures of many fractions and 
their compositions vary widely, it is probable that great care will 
have to be exercised when using this NPSH device with them. 
The vapor-pressure bulb may therefore have to be refilled each 
time a new batch of fuel is used. The method of filling the bulb 
must be such that the liquid does not fractionate during filling 
With water, as with all liquids, the air must be thoroughly re- 
moved from the vapor-pressure system (e.g., by evacuation) be- 
fore the working liquid is introduced 

Liquids with low boiling points can produce very high pressures 
in the vapor-pressure system when allowed to warm to room tem- 
perature; provision must therefore be made to protect the system 
and differential pressure device. 
can rise to over 20,000 psia.) 


(With hydrogen, the pressure 
These high pressures can be 
avoided by allowing the gas to expand into an auxiliary volume 
when the system warms, or by permitting the gas to escape from 
the vapor bulb, replenishing it each time the system is cooled. In 


the latter case it is important that the escape passage have a 
capacity sufficient to handle the vapor which can forth exceedingly 
rapidly. 


The volume of the bulb must be large enough so that the liquid- 
vapor interface always remains in the bulb. As condensation 
should take place only in the bulb it must be the coldest part of the 
system; if there is liquid in the vapor-pressure tube an error will 
be introduced. For liquefied gases, the authors have enclosed 
the vapor-pressure tube, which is made of stainless steel, in a 
vacuum-insulated jacket from its room temperature end down to 
the bulb. The heat conduction down the tube is sufficient to pre- 
vent the undesired condensation; if this were not the case, an 
electric heater could be installed in the jacket. The use of such a 
heater would be necessary in cases where the temperature of the 
pumped liquid is near or above ambient temperature. Obviously, 
the vapor bulb should be designed and placed so that it has a 
minimum effect on the pump characteristics. 

It is apparent that the pressure within the vapor-pressure bulb 
is the vapor pressure of the surrounding liquid, and if the bulb is in 
the pump suction, it is the vapor pressure needed to compute the 
NPSH. 

The Differential Pressure Device. ‘The differential pressure de- 
vice measures the difference between the pressure in the stagna- 
tion pressure tube and that in the vapor-pressure bulb, and thus 
(if the scale is calibrated in height of liquid) the NPSH. 
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ing upon the liquid and the accuracy required, it can be a gage, 


manometer, transducer, etc 


Discussion and Test Results 


The device just described embodies a very simple and 
straightforward method for determining NPSH. It is the only 
one, known to the authors, which will yield sufficient accuracy 
with liquid hydrogen All of the pumps which the authors have 
tested with liquid hydrogen (from 1725 rpm to over 12,000 rpm 
have required NPSH’s of less than 6 in. to prevent symptoms of 
If the NPSH is to be known to within one inch (of 


liquid hydrogen 


cavitation. | 


the ordinary methods would require a tem- 


perature measurement accurate to about 0.0005 K; this vapor- 


pressure method, however, only requires a pressure measurement 


accurate to 1.75 mm H,O 


Fig 2 shows the actual ippearance ol the vapor-pressure device 
used by the authors during their liquid hydrogen and liquid ni- 


trogen pumping tests. The vapor pressure bulb is a half torus 


with an internal volume of about 8 cu in., containing about one 
l, Th *@CX- 


ternal valving required to protect the differential pressure de- 


’ 


cubic inch of catalyst. Not shown in the figure are: 


vice; 2, the differential pressure device which, for hydrogen, is a 


transducer with a range of 0.1 psid; and 3, the auxiliary volume 


which limits the pressure in the warm system (with hydrogen) to 


about 400 psia 


Fig 3 gives the results of a test conducted to determine the re- 


liability of the vapor-pressure device by comparing the NPSH 


indicated by it with that imdicated by a conventional setup 
The NPSH 
varied over the period shown by changing the stagnation pressure 
ind the indication of each NPSH 


measuring device was recorded 


Liquid nitrogen was the working substance. was 
and the liquid temperature 
Fig. 3 will be discussed later. 

The vapor-pressure device used a 0 to 100 in. of H,O differential 
pressure gage for differential pressure measurement; this reading 
was accurate to better than one inch of liquid nitrogen. 
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Fig. 2 Test setup with sump removed 
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Fig. 3 NPSH measurements with liquid nitrogen 
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Fig. 4 Conventional setup for measuring NPSH with a liquid at or near 
its boiling point 


The conventional setup is shown in Fig. 4. The surfaces of the 
liquid in both the sump and the reference junction container were 
at atmospheric pressure. The reference junction was well tem- 
pered and was located near the surface of the liquid which was 
boiling violently. Thus if both bodies of liquid have the same 
composition, the thermocouple setup measures the difference be- 
tween the temperature of the liquid at the pump suction and the 
boiling point corresponding to the pressure on the surface of 
the liquid in the sump. The hydrostatic head indicator meas- 
ures the difference in pressure between the surface of the liquid 


and the pump suction. Thus if the difference in vapor pres- 
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the measured 


is subtracted from the hydrostatic head, 


sure, corresponding to temperature difference, 
the NPSH is obtained 
The hydrostatic head indicator (in Fig. 4) was a 0 to 100 in. of 
H,O differential pressure gage (of the same type that was used on 
the vapor-pressure system) with an accuracy of better than one 
inch of liquid nitrogen 
2.1 


sensitivity 


The thermocouples were gold with a 


atomic per cent impurity of cobalt versus copper; their 


at liquid nitrogen temperature is approximately 35 

microvoits per degree Kelvin. The potentiometer had a least 

reading of 1/2 microvolt and reproduced readings to 2 microvolts 

The temperature measurements Were thus accurate to about 

0.059 K. This corresponds to a vapor pressure measurement that 
) 


is accurate to 2.34 in. of liquid nitrogen 


> 


Therefore in Fig. 3, the vapor-pressure-device curve is reliable 
to about one inch of liquid nitrogen, while the conventional-setup 
curve is reliable to about 2.3 in. of liquid nitrogen 

The NPSH was varied during the test by changing both the 
pressure and the temperature at the pump suction. The pressure 
The 
After being 


was altered by changing the liquid level (hydrostatic head 
temperature was altered in the following manner: 
discharged from the pump, the liquid passed through a heat ex 
) 


changer (see Fig. 2) where it was cooled by liquid nitrogen boiling 


at atmospheric pressure. The degree of cooling was varied 
by changing the amount of coolant in the heat exchanger and by 
changing the proportion of the pump discharge that flowed 
through the heat exchanger. The temperature of the liquid at 
the pump suction could thus be varied from the normal boiling 
point to the saturation temperature corresponding to the suction 
pressure; the NPSH could be varied from zero to the maximum 
liquid level attainable in the apparatus. (The maximum can be 
increased by pressurizing the sump. However, the 22-ft liquid 
level attainable in the authors’ apparatus was sufficient for the 


In the test shown in Fig. 3 
the NPSH range is seen to be from 0 to 6 ft 


tests which have been performed.) . 
The pump used in 
this test was an aircraft fuel booster pump that effectively handles 
liquid-gas mixtures. It is known that the pump was cavitating 
at the lower values of NPSH; 


bearing on the present discussion. 


however, this situation has no 
The notations on Fig. 3 indi- 
cate the methods used to vary the NPSH 
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Fig. 3 shows that the values of NPSH indicated by the two 
methods differed by about 15 in., the conventional setup con- 
sistently yielding higher results than the vapor-pressure appara- 
tus. The purpose of the test was not to prove the superiority of 
one tnethod relative to the other, but merely to indicate the relia- 
It is therefore 
necessary that differences in the results obtained by the two 


bility and accuracy of the vapor-pressure device. 


methods be explained, and to indicate, if possible, which curve is 
more likely to be correct. 

The authors have two reasons for believing that the curve ob- 
tained from vapor-pressure device is the more accurate and there- 
that the 
curve indicates the behavior expected during the test; 


fore device is reliable: 1, The vapor-pressure-device 
2, an ex- 
planation of why the conventional-setup curve can be erroneous 
has been found, but no potential source of inaccuracy has been 
found in the vapor-pressure device. 

The explanation of the first reason is that at time equal to 
14'/, min (see Fig. 3), the pump discharge valve was closed; thus 
all of the energy which entered the sump through the pump shaft 
should increase the liquid temperature and rapidly reduce the 
NPSH to zero 


the sump and the location of the sensing elements, it is not possible 


Because of the extremely effective insulation of 


for the NPSH to tend to a steady-state value greater than zero 
On the other hand, as the turbulence in the sump was very great, 
it is improbable that the liquid would become sufficiently super- 
heated to cause the NPSH to tend toward a negative steady-state 
value.) The figure shows that the vapor-pressure device indi- 
cated the expected behavior, i. e., the NPSH did go to zero. 

In the second place, the NPSH indicated by the conventional 
setup could be erroneous because the composition of the liquid at 
the reference junction could be different from that of the liquid 
in the sump. As mentioned previously, unless care is taken, ap- 
preciable amounts of oxygen will condense from the atmosphere 
into liquid nitrogen that is being poured into, or is standing in, an 
open container. If this occurred with the nitrogen at the ref- 
erence junction (and this is very possible) its temperature would 
be too high; this would make the temperature at the pump suc- 
tion appear too low, and thus indicate an NPSH that is too high 
An oxygen impurity of only 3 per cent would cause the dis- 
crepancy between the curves in Fig. 3. On the other hand, be- 
cause the nitrogen in both the vapor bulb and the sump was ob- 
tained from the same container and was not exposed to the at- 
mosphere, the required identity of composition was achieved with 
the vapor-pressure device. 


DISCUSSION 
S. Prelowski* and G. H. Caine“ 


This method of measuring NPSH directly was suggested to 
Pesco by the authors for our use in a pump-development program 
for liquid para hydrogen which we conducted at NBS with NBS 
technical advice and assistance in 1957 and 1958. 

The method, because of its directness and the theoretical sim- 
plicity of its idea, is of much interest for measuring quite small 
values of NPSH, or measuring it with theoretically possible ac- 
curacy i 


a liquid such as hydrogen which (a) has a _ rapidly 


changing vapor pressure with temperature, and (b) has a low, 
difficult to 


authors have noted. 


extremely measure absolute temperature, as the 
For this reason it is hoped that some of the practical limitations 
and precautions in its use can be resolved. Some of these are as 
follows 
1 The same tube which is used to measure vapor pressure 
from the vapor bulb to an outside measuring device is also a con- 


ducting path for heat to or from the vapor bulb. So also is the 


*Pesco Products Division, Borg Warner Corporation, Bedford, 
Ohio 


150 / sune 


1959 


vacuum jacketing tube around it (which the authors used and 
While thin-wall 300 series stainless 
tube was used for both, and this has poor heat conductivity, heat 


which we also employed). 


Con- 
sider that 1 deg C change in liquid-hydrogen temperature causes 
a change in vapor pressure equivalent roughly to 125 ft head of 


conduction to the bulb cannnot be completely eliminated. 


liquid, at the particular conditions of test. Then an increase of 


only '/is0 C in bulb temperature would cause a corresponding 
l-in. increase of vapor pressure, and the same decrease in NPSH. 
One inch of NPSH is also most appreciable compared with a typ- 
ical 3 to 6-in. static inlet head before cavitation effects become 
appreciable on our various pumps. 

It is seen that even a very small amount of heat conduction 
down the tubes could cause appreciable error in NPSH measure- 
ments. 

With any finite conductivity down the tubes, some definite, if 
small, thermal gradient must exist between the bulb and the 
Inside the bulb, at the place 
where the tubes are attached, it can be expected that the fluid 


liquid inside it and outside it 


will be boiling more intensely, and the recondensing of the vapor 
will take place in parts of the bulb more distant from the place of 
attachment. 

Consequently, the vapor pressure measured will be some kind 
of a mean value of these two extremes in the bulb, and slightly 
higher than the vapor pressure outside the bulb. 

We believe that this as well as other possible errors which the 
authors have mentioned may have caused at least a part of the 
difference between their curves in Fig. 3. 

For our use of this method, we had reached a zero N PSH read- 
ing by it with about 12 to 15 in. of liquid hydrogen above the 
At liquid levels below this we had NPSH readings 
before the pump inlet which were at times several inches negative 


pump inlet. 


It is difficult to find this acceptable in view of the agitated con- 
dition of fluid in the dewar 

We wonder whether there was any negative indication between 
about 22 and 24 min in Fig 

A partial remedy of tube conduction might be elimination of 
the outer jacketing tube, and a helix made of the pressure tube 
to give less axial heat leak, with a nonmetallic insulator as a bulb 
mechanical support 


2 Another possible difficulty is that there is a difference of 


state between liquid inside the bulb and the liquid outside the 
bulb, because the liquid inside the bulb is quiet, whereas liquid 
outside the bulb is agitated. 

3 A third need for 
ficulty) 
bulb 
stance, but 


precaution (and a possible source of dif- 
is in getting proper representative samples of liquid in the 
This is a problem where we do not deal with a pure sub- 
rather a multicomponent liquid. Even with rela- 
tively pure liquids we are usually dealing with dissolved gases in 
the liquid which change the vapor nucleation, vapor pressure, and 
temperature of the liquid, and these also change during the course 
of a test. This necessitates frequent sampling of the bulb and 
test tank contents 


ient methods of sampling is in order. 


Some attention to better and more conven- 
It would be most useful. 

4 <A necessary precaution is location of the bulb in such a 
place where no significant pressure and temperature gradients 
exist because of velocity or vorticity of fluids in the inlets 

5 Other limitations to either the conventional temperature 
system, or the bulb method described is that we have found net 
negative suction heads at times, where the level of boiling hydro- 
gen was indicated as actually below the level of the impeller inlet 
Also, consistently on all pumps tried on liquid hydrogen, we 
have found a velocity head in the inlet greatly exceeding either 
the static head of boiling liquid or the lesser NPSH possible, on 
These 


effects we believe are due to liquid evaporation (change of PVT 


minimum inlet levels before cavitation surges appeared. 
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relations in the inlet) with vapor formation in the inlet which the 


bulb cannot measure 
The bulb method of the authors is not only direct, but also has 
For 


these reasons we hope that the practical difficulties and limitations 


proved extremely sensitive as was required for our tests. 
in its use can be resolved. We would certainly welcome sugges- 
tions on these for our upplications 


Victor Salemann’ 

The writer has had experience using a method similar to the 
one described in this paper, but adapted to liquids hotter than the 
Rather 
the system was inverted such that all tubing was filled with 


surroundings. than fight condensation in the tubing, 


liquid, Fig. 5 


Fig. 5 


There 


sure thermometer that were not mentioned or stressed enough i 


ure several points on the requirements for a vapor-pres- 


the paper 


l There 


This would create a temperature difference between bulb 


must be no heat transfer between the bulb and the 


outside 
introducing an For instance, in the 


and pumped fluid, error 


authors’ example, a l-in. error will be produced in the NPSH 
measurement using liquid hydrogen if there is a difference of 
the 


authors’ setup, a heater was installed on the vapor-pressure tube 


only 0.0005 deg K between bulb and pumped liquid. In 


and some heat transfer was allowed down the tube. The writer 
does not suggest that this caused a measurable error, but it may 


have 


2 When mixtures are used in the bulb the vapor pressure in the 
bulb would depe nd on the v upor and liquid volumes and would vary 
if the is they would if a manometer is used as a 


volumes vary, 


differential pressure-measuring device. Even if the volumes do 
not vary, there is the question of what volume ratio should be 
If cavitation inception is to be found, the volume of vapor 
This 


used 
should be very small compared to the volume of the liquid 
may be difficult to achieve and be sure that there always is a sma 
volume of vapor 

3 Coming back to the heat-transfer problem, care 
taken that the pumped liquid does not cavitate on the surface of 


the vapor bulb, as this would cause a drop in surface temperature 


This difficulty is easily encountered in 


Also, there should be no heat transfer 


introducing in error 
installations 


the 


suction pipe 
to and from pumped liquid between the bulb and the im 
peller 

fesearch and De velopme nt Section, Worthington ( orporatior 
Harrison, N. J Assoc. Mem. ASMI 
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must be 


4 The writer’s only questions pertain to the reliability of both 
The that 
turbulence in the sump during the operation of the pump at shut- 
off. Was this turbulence created by other means than the pump 
itself? If so, and if the liquid was also agitated during the shut 

down period, the NPSH should approach the value of the liquid 


methods. authors mention there was considerable 


level, as it does at zero time on the curve. In the conventiona 
setup, the accuracy of the hydrostatic pressure-measuring device 
‘an always be checked by the elevation of the liquid above the 
pump. Did these values correspond? Finally, it seems that the 
reference junction should be placed at the liquid surface in the 
sump, rather than in a separate container, to reduce the uncer 
tainty of the composition of the liquids Is there any practi al 


reason against it? 
Authors’ Closure 
We wish to thank Messrs. Prelowski 


presenting their experience with the NPSH vapor-pressure device 


Caine, and Salemann for 


especially the difficultic s encountered, and for posing some per 


tinent questions Recording their difficulties here materially iv 


creases the value of this paper 
The question concerning thermal equilibrium between the 
bulb and the first 


can be resolved by considering the 


vapor surrounding fluid, which is the item in 


both disc USSIONS, Vapor pre - 
sure tube and bulb as a compound fin and solving the steady 
The cal 
indicates that heat transfer to the bulb via the support 
ing error As thi 
error 1s an inverse exponential function of the length of the cor 


Messrs Prelowski 


Consider. for ex 


state, one-dimensional heat-transfer problem ulatior 


or trom 


tubing can, in tact introduce ippreciable 


ducting path, the “partial remedy” which 


ind Caine suggest is quite satisfactory imple 


a vapor bulb supported by a length of '/,-in. OD X& O.010-in 
wall stainless-steel tube immersed in liquid hydrogen flowing wit! 
a Reynolds number of 2000 (used to calculate the heat-transfer co 
that the 


the tube differs from that of the 


warmer end of 
Phen i 
bulb wi 
ibout 0.0008 deg K. If 
less than 10 


efficient Assume temperature of the 


hydrogen by 1 deg K 


the support tube is 3 in. long, the temperature of the 
PI | 


differ from that of the hydrogen by how 


ever, the tube is 10 in. long the error will be deg Kk 


Phe 


Vapor 


results of these computations ind the construction of our 


pressure system indicate that heat conduction could have 
introduced a measurable error in our hydrogen experiments. [It 
the liquid nitrogen test shown in Fig. 3, the effective temperature 
of the v por bulb would have had to have been 0.22 deg K higher 
than that of liquid to account for the difference between the curve 

It is unlikely this temperature difference could exist in the nitro 
NPSH went to zero at 


ind that our measurements were 


gen test Furthermore, the facts that the 


22 minutes, as expected good to 
1 in. of liquid nitrogen (corresponding to 0.027 deg K) lead us to 


that vas introduced into the nitro 


We 
but 


no measur ible 
in Fig. 3) by heat 
NPSH indications in our tests 


believe erro! 


gen test conduction did not notice any 
this souree ot error 


NPSH's which 


should tx 


negative 


could certainly have contributed to the 


Mr. C 


borne in mind by 


negative 


iine measured In anv event this problem 


iunyone designing this type of instrumentation 


Phe same basic question is raised by item 2 in both discussio 


How 


pump ¢ 


does one define the vapor pressure which is signifiear 


ivitation criteria. Obviously, the not 
The difficulty is 
method of NPSH measurement, but rather by the 
whether the 


only An 
iwitated fluid outside the 


inswer 1s 


not caused by the use of an 


obtained 


ticular que 


tion ol proper vapor pressure is a Tunction of tem 


perature vdditional problem caused by the hig 
bulb is that of obtaining an accurate 
value for the stagnation presstire 


Answering Mr 


in the sump d ring sl 


The turb 


pump. ‘The 


Salemann’s specific questions 


tofl us induced by the 
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curacy of the hydrostatic pressure measuring device in the con- 
ventional setup was checked as suggested and was found to be 
very good. 
ence junction in the sump; as the liquid level varied over 20 ft 
during some of the tests, it was anticipated that the leads would 
become fouled when the level was below its maximum. 


There was a practical reason for not floating the refer- 


It should be emphasized that the vapor-pressure device should 
not be used indiscrimiretely; there are situations for which a 
crude mercury-in-glass thermometer would be more desirable. 
The criterion is whether or not the accuracy, simplicity, and cost 
of a vapor-pressure thermometer makes its use more desirable than 
another type of thermometer. 

Table | was compiled to illustrate this point: The pertinent in- 
formation for water at various temperatures, octane, butane, 
oxygen, nitrogen, and hydrogen is tabulated. The specific grav- 
ity is included so that the reader can determine the relative ac- 
curacy of the pressure measurements required to obtain a given 
accuracy of the NPSH. The fourth column is the slope of the 
vapor-pressure curve, expressed as the temperature change which 
is equivalent to a pressure change that corresponds to a head 
change of one inch; it therefore gives the necessary accuracy of a 
temperature measurement if the NPSH determination is to have 
an accuracy of one inch. It is immediately apparent that, for a 
NPSH accuracy of 1 in. with water at 70 deg F or with octane at 
90 deg F, an ordinary mercury thermometer is adequate. 

However, for hot water, butane, and the three liquefied gases, 
rather precise temperature measurements are required and use of 


In the fifth column of Table | 
is tabulated the thermocouple potentials (in microvolts) which 
correspond to the temperature differences given in column four; 
for most of the examples, the potentiometric system would have 
to be able to detect a fraction of a microvolt. 

The sixth and seventh columns in Table 1 are included to indi- 


the vapor-bulb device is desirable. 


cate whether or not an NPSH measurement accurate to one inch 
is, in fact, accurate enough. Column six lists the NPSH require- 
ments which have been measured for pumps with the indicated 
liquids, while column seven gives the per-cent error (based upon 
these requirements) represented by an NPSH accuracy of one 
inch. Whether or not these errors are acceptable depends upon 
the particular investigation. Of course, pressure instrumentation 
with accuracies of much better than one inch of head are avail- 
able; however, with hydrogen an error of less than 0.2 in. is not 
attainable with presently available commercial equipment. | 

It is desirable to add a comment which is relevant to the ma- 
terial in the last paragraph in the section on “Discussion and 
Test Results.” It was stated that a temperature at the refer- 
ence junction, in Fig. 4, which was too high could account for the 
difference in the curves in Fig. 3. It was also stated that the 
liquid surrounding the reference junction was boiling violently 
It is therefore possible that the liquid around the reference junc- 
tion was superheated; a superheat of only 0.22 deg K would cause 
the difference in Fig. 3. It is therefore possible that both super- 
heating and oxygen impurity at the reference junction caused the 
difference between the curves in Fig. 3. 


Table 1 


Temperature Specific 
Grov ty 
v (°F /inch) 


Liquid 


70 2.96 
212 0.121 
0.033 
0.0111 
OCTANE 90 2.023 
BUTANE 94 0.028 
OXYGEN 0.04 
NITROGEN 0.027 
.@) 


HYDROGEN Oo! 


-298 
- 32 
- 424 


ACCURACY 


(dT/dp)y » (dT /dp) 


(yv/inch) 


Example of Error due to NPSH 
Required NPSH accuracy of | inch 
(ft) (% ) 


v.p 


6.5 (1600)'” 


68 ‘') 

3 1qtt) 
0.915") | 4 
0.334"" 
46.5!) 
0.635") 1.5 
re) 824!2) 
0.510!) 7 
0.009!2) 


(1600) 


i600)!>) 


(1350)?! 
0.17(1350)) 


OF TEMPERATURE AND PRESSURE MEASUREMENTS 


REQUIRED FOR NPSH DETERMINATIONS 


NOTES 
(1) 
(2) 
(3) 


Copper - Constantan thermocouple 


Gold (2.1! atomic % Cobalt ) — Copper 


These numbers are specific speed 


152 / sune 


1959 


thermocouple 


Transactions of the ASME 





Transitional Phenomena in Ultrasonic 
Shock Waves Emitted by Cavitation 


F. NUMACHI 


Professor, Tohoku University 
(Faculty of Engineering); 
Director, Institute of High 

Speed Mechanics, Sendai, Japan. 
Mem. ASME. 


on Hydrofoils 


In some cases during the experiments described tn past reports {1, 2|' which dealt with 
cavitation-induced ultrasonic shock waves, extremely anomalous values were obtained 
in the imparted pressure of the shock waves 


The paper deals with an investigation 


into the nature of these shock-wave anomalies, and it is demonstrated that these anoma 
lies can be caused not only in closed-circuit cavitation tunnels but can be produced in 
any flow subjected to preliminary cavitation ata point upstream of the point of prin- 


cipal cavitation. 


The nature of the anomalies occurring in the shock-wave spectrum 


was studied, and its relation to cavitation-bubble size was made clear. 


= are three well-known kinds of trouble due to 
cavitation that arise in hydraulic machinery: (a) Drop in the 
hydraulic efficiency of the machine; (b) damage to the machine 
from erosion, leading to shorter life; (c) vibrations evoked by 
cavitation. Studies from the point of view of hydrodynamics and 
of materials have been undertaken in the past to counter these 
troubles, but the author considers that new approaches can be 
suggested for the studies on materials through basic research 
work aimed at clarifying the different aspects of cavitation oc- 
currence. It is to be proved by future workers whether in- 
vestigations on ultrasonic shock waves emitted in conjunction 
with cavitation would contribute to the same end. 

According to present knowledge, erosion by cavitation is 
attributed mainly to the shock pressure developed when the 
cavitation bubbles extinguish themselves. It is therefore thought 
that a study of the nature of the shock waves emitted by cavita- 
tion should bring significant results in solving the problem of 
erosion fatigue. Furthermore, such a study could contribute also 
in establishing a method of detecting cavitation occurrence by 
“listening” for the ultrasonic waves that accompany cavitation 
The study could provide an indication of the most suitable fre- 
quency to which to tune the detector for the purpose. 

Some published papers report on shock waves caused by the 
extinction of a single bubble [3], shock waves accompanying 
nozzle cavitation [4], and similar waves emitted by cavitation 
on a revolving thin rod [5], but these reports do not give the rela- 
tions connecting the shock waves to the hydromechanical data, 
particularly cavitation coefficient. 

The author has already described in past reports [1, 2] the 
nature of the ultrasonic shock waves emitted by hydrofoils under 
cavitation. On some occasions during these experiments, marked 
anomalies were observed in the spectrum of these shock waves 
In all these experiments the shock-wave spectra were measured 


1 Numbers in brackets indicate References at end of paper. 

Contributed by the Cavitation Committee of the Hydraulics 
Division and presented at the Annual Meeting, November 30 
December 5, 1958, New York, N. Y., of Tae American Society or 
MECHANICAL ENGINEERS. 

Nore: Statements advanced in papers are to be understood as in- 
dividual expressions of their authors and not those of the Society 
Manuscript received at ASME Headquarters, August 7, 1958. Paper 
No. 58—A-117 
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after obtaining the desired cavitation coefficient? k, by regulating 
the flow velocity and maintaining it during the measurements 
The anomalies were observed in the cases (b) and (c) below: 

(a) The flow velocity is gradually increased and then regulated 
until a predetermined ultimate value of cavitation coefficient k, 
is obtained, where it is maintained for some minutes. We might 
call this 

(b) The flow is first accelerated to a point where cavitation is 
overdeveloped (for instance, until it reaches the tail of the speci- 
men), and flow thus subjected to preliminary cavitation is then 
slowed down to the velocity corresponding to the predetermined 
ultimate value of cavitation coefficient ky. In 


“stabilized cavitation.” 


this case an 
anomalously high but decreasing shock-wave pressure is recorded 
during about 3 minutes following the attainment of ky. This 
phenomenon might be named “reducing transition cavitation.’ 

(c) After first raising the velocity to the predetermined value 
of kz, the pump motor is shut off (the flow coming to a stop in 
about 50 sec); within several minutes the pump is restarted and 
the flow velocity made to regain the value of k, (the time from 
restarting to regaining the velocity is about 30 sec). In this case 
several minutes are required for the shock-wave pressure to build 
up again to the ultimate stable value. 
be called ‘‘regenerating transition cavitation.” 


This phenomenon might 


The following points concerning these transitional phenomena 
are successively examined in the paper: 

1 The conditions under which the phenomena of the Cases 
(b) and (c) occur, and the evolution in time of the mean shock 
wave pressure.* 

? The cavitation 


oefficient k, is the value represented by 


-ee 
Pa / aq Pa" 


= static pressure and velocity upstream of profile 
Pa = vapor pressure at water temperature ty 
p = density of water 

*The mean shock-wave pressure p,» and the individual impulse 
pressure 7; are defined as follows [1]: 

From the output oscillogram of the chosen reception frequency the 
input voltage U is obtained, based on which the total shock-wave 
pressure acting on the detector element 

«UF 


4msd), 


K, = 
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2 The effect on these phenomena of differences in the period 
during which the preliminary cavitation is maintained (case b) or 
during which the flow is interrupted (case c). 

3 The spectrum of the shock waves during transition. 

4 The effect of differences in water temperature on the transi- 
tional shock-wave spectrum. 

5 Frequency distribution of the impulse pressures* of in- 
dividual shock waves during transitional and stabilized cavita- 
tion. 

6 The possibility of analogous transitional phenomena occur- 
ring in hydraulic machinery. 


7 Relation between shock-wave pressure and bubble size. 


Experimental Apparatus and Method 


The profile form utilized for the present series of experiments 
was the Clark Y of 11.7 per cent thickness ratio, the same as in 
the two previous reports already mentioned; the cavitation 
tunnel used was the one utilized in the experiments of Report 1 
[1, 6). An open-end cavitation tunnel [2] was used for experi- 
ments aimed at determining whether the transitional phenomena 
also could be produced where the flow did not follow a closed 
eireuit 

The device for measuring the sound waves, the method of 
computing the shock-wave pressures, that of selecting the location 
of the measuring points, of calculating the impulse pressures im- 
parted by individual shock waves, and so on, have already been 
fully discussed [1, 2] and will therefore not be repeated here. It 
may be noted that during these experiments, the static pressure 
H, prevailing immediately upstream of the specimen was 3.3 m 
aq, and before starting each experiment the water temperature 
was left free to accord with the prevailing surrounding atmos- 
phere. The degree of air content of the water a/a, (where a is 
quantity of dissolved air, a, is quantity of dissolved air in saturated 
water at the same temperature) was measured before and after 
experiments, and was found to be stable at a value of 1.07. The 
value of a/a, also was measured before and after the experiments 
involving the transitional phenomena, and it was found to be 
unaffected. The method of determining the quantity of dissolved 
air has been reported already [7]. 


Experimental Results 


Nature of Transiti Figs. 1 and 2 depict the evo- 
lution in time of the transition shock-wave pressure as it tends 
toward the stabilized state. 





i Ph 
r 


In these figures the mean shock- 
wave pressure p,,, is plotted on the ordinate against the lapse of 
time z on the abscissa, the origin of which is placed at the instant 
where the flow, after being subjected to preliminary cavitation, 


where 


K, = total pressure force of shock wave (in g) 
€ dielectric constant of the detector crystal = 4.5 
U = induced voltage (in cm'/: g'/2s~! esu) on the crystal detec- 
tor 
Fis surface area (cm*) and thickness (cm) of the detector 
d\; = piezoelecicic modulus in the X-direction of the detector = 
6.5 X 10°8 (em'/2 g~'/2 8) 


The individual impulse pressures 


oe eU 
ve K./F 4rsdi 
which are represented by the heights of the individual lines appearing 
on the oscillogram. 

The mean shock-wave pressure Pym (kg/cm?) is the total pressure 
recorded for a given frequency on the oscillogram divided by F, the 
surface area of the detector, and by r, the exposure time of the oscillo- 
gram; thus 


DK, €10~3 


4nrsdit ~ 


(3) 
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regains the velocity corresponding to the ultimate cavitation co- 
efficient kz. It will be seen from these figures that the aspect of 
the transitional phenomena differs according to the period 2 
during which the flow is subjected to preliminary cavitation. 
\, used as parameter in the figures, and given as a measure of 
the size of the cavitation, represents the distance of the tail end 
of the cavitation measured from the leading edge of the profile, 
in percentage of the chord length |. To explain an example, the 
curve joining the observed points marked by small circles (0) in 
Fig. 1 represents the evolution of the mean shock-wave pressure 
P.m during a period of 3 min after attainment of the ultimate 
cavitation coefficient? (k, 1.55, A/l = 38 per cent), following a 
30-sec z period of overdeveloped preliminary cavitation [ku = 
1.36, (A/l)jo = 75 per cent]. The time required to reduce the 
flow velocity from kao = 1.36 or = 1.23 down tok, = 1.55 is 10 ~ 
20 sec. 


velocity at which the highest mean shock-wave pressures are pro- 


The value of 1.55 was adopted for k, because this is the 


duced by waves around 250 or 350 kilocycles (ke) (which fre- 
quencies are, in turn, those at which the most intense waves are 
produced with an incident angle of 5 deg and with water tempera- 
ture at 7 C). Therefore it must be noted that the mean pressures 
recorded with overdeveloped cavitation (kao = 
lower than at ky = 1.55 [1] 

Similarly, in Fig. 2, 


1.36 or 1.23) are 


the curves joining the two kinds of cross- 
marks represent experiments made with z = O (preliminary 
cavitation not maintained for any period, the flow velocity being 
reduced immediately upon attainment of the predetermined 
kao ((A/Do = 100 per cent, kao = 
= 1.36)). 


wave to build up to its maximum transitional value. 


1.23 or (A/l)o = 75 per cent, kg 
In these cases it takes about 30 see for the shock 
We calcu- 
lated the time required for a cavitation bubble to complete the 
circuit of the tunnel to be as given in Table 1. 


Table 1 Calculated times required for circuit of cavitation tunnel 


(A/D)o or X/1, Flow velocity, 
per cent kao or kg (m per sec) 
100 L.2 10.75 
75 1.36 10.44 

10.38 
10.24 
38 5! 10.05 


Calculated 
circuit time 
a 
1'40” 
141” 
1’42” 
1'44” 


The actual velocity will be continually diminishing during the 
reducing transition from the preliminary (kg) to the ultimate 
state (k,) of cavitation, and the foregoing table gives the circuit 
times for circulation velocities corresponding to kao, and to ky, as 
well as intermediate values between the two, obtained by com- 
puting the mean values between them. No account 
taken of the volume occupied by the dead water in the tunnel, 


has been 


and the actual circuit times must thus be smaller than these cal- 
culated values. 

Fig. 3 represents the case of regenerating cavitation, in which 
the flow is first subjected to preliminary cavitation at k,, the 
pump motor then shut off (the motor coming to stop in 30 sec, 
and the water circulation 20 sec thereafter), the pump restarted 
after the lapse of a predetermined period of stoppage zo (2 min and 
so on, in the case of Fig. 3) and the flow made to regain the 
velocity corresponding to k, = 1.55 (attained in about | min). 
The origin of the abscissa z is placed at the instant where the 
flow, after being subjected to the stoppage of lapse zo, regains the 
velocity corresponding to the ultimate value of cavitation co- 
efficient k4. 

Incidentally, the water was sampled 2 min and 15 min after 
the circulation stopped, during the interruption of the flow, but 
no appreciable difference between the two cases could be de- 
tected concerning air content, though the precise state of dissocia- 
tion in the dissolved air could not be determined 
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stopped, sec 
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Fig. 2 Evolution in time of transient mean H 


shock-wave pressure p,,,., from anomalous to 
stabilized state—reducing cavitation 


= 1.55, t 


‘ 15 C, 
= 3.3m, 350 ke 


z: Period of time during which preliminary 

cavitation was maintained, sec 

(A\/Do: Size of preliminary cavitation (repre- 

sented in percentage of profile chord /) 

a=S5deg, ki;= 1.55, t = 15C, 
H,=3.3m, f= 250 ke 


Z min 


Fig. 1 Evolution in time of transient mean 
shock-wave pressure p.,,, from anomalous to 
stabilized state—reducing cavitation 


zy: Period of time during which preliminary 
cavitation was maintained, sec 

(A/D): Size of preliminary cavitation (repre- 
sented in percentage of profile chord /) 

a = 5 deg, kz = 1.55, te = 15 C 
Static pressure HH. = 3.3maq, f = 350 kc 


represent the spectra at the instant 2 30 sec alter initiation of 


reducing cavitation (curves b) in comparison with those under 


1.55 and 1.45 


cases of regenerating cavitation 


stabilized cavitation curves a), for two cases / , 


respectively. In Figs. 6 and 7, 


(curves c) are similarly compared with stabilized states (curves a 


It was ascertained that these transitional phenomena occurred In each case the incident angle was 5 deg. For incident angles of 0 


only with the use of the closed-circuit cavitation tunnel, and and7 deg, the curves a, b, and ¢ are grouped together in the Figs 


Sto 11 
0 deg, k, 


could not be observed with an open end tunnel [2], and further, Figs. 8 and 9 represent two cases where p,,, is high (@ 


that there was good agreement between the values of p,,, at the 0.9 and 0.7, respectively, ¢ , while Figs 
In Fig. 12 


10) sex 


being 7 C 
stabilized eavitation obtained with the two kinds of tunnel 10 to 11 illustrate ex imples of low Pom (Ot 
for 250 ke at 
during transitional cavitation is shown, together with that of 
The 


the positions of the 


7 deg 


We can draw the following conclusions from the Figs. 1 to 3: the mean wave pressure p,, i given instant 


1 The wave pressures recorded during reducing cavitation are bilized 
. . sts } “i tat as t ic tat t 
several times greater than those observed with stabilized flow, now Cavan, & t function of cavitation coefficien 


size of the cavitation is also indicated by 


not to speak ol comparison with overdeveloped cavitation. 

2 Wave pressures of regenerating cavitation can be as low as a 
small fraction of that of stabilized cavitation 
3 The time required for the transition of the wave pressure 
from anomalous to stabilized states is about 3 min for both re- 
ducing and regenerating cavitation. 

4 The mean shock-wave pressure p,,, during reducing cavita- 
tion does not vary appreciably according to the nature of the 
preliminary cavitation, but tends to be higher with a higher de- 


gree of overdevelopment [greater (A/l)o] and with a longer 


5 With re generating cavitation Pem BpPpears to be the more 
attenuated the shorter the period 29 of flow interruption, except 
for case of Zo 0 

6 The transitional phenomena do not occur under ordinary 
conditions in open-end tunnel experiments. 

7 No difference 
open-end tunnels can be detected in respect of the values of p,, 


between the results on closed circuit and 


recorded after attainment of k, 


The Spectrum of Transitional Cavitation Shock Waves. The spectra 
of the shock waves produced at a given moment z during the 
transitional stage are shown in Figs. 4 to 11, where the mean wave 


pressure p,,, is plotted against wave frequency. Figs. 4 and 5 
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head (A ind tail (A 


The following points emerge from these figures 


of the cavitation 


1 Value p,,, during transition departs from the values under 
stabilized state with varving degree ac 


ording to the wave fre 
quency, Figs. 4 to 11 
2 However, with igiven A 


the spectra ol the shock waves for 
the three cases corresponding to a, 6, and ¢ follow the same com 
mon pattern, and have their peaks and troughs approximately at 
tto ll 

it which the maximum 
(250 ke differs 


ind stabilized cavitatior 


the same points ol frequency o1 the spectrum, Fige 
3. The velocity (cavitation coefficient 
wave pressure is produced at a given frequency 
slightly between cases of transitional 
Fig. 12 
Under Which Transitional 
companying Changes in Lift and Drag. 
the transitional shock 
cavitation to which the flow is subjected 


and Ac- 


It has been ascertained that 


Conditions Phenomena Occur, 


waves occur only when the preliminary 


represented by (A 
and kg, and that to which the flow is ultimately subjected, A 
ind ky, both fulfill 
ultimate cavitation must fall within the 
9 


“. 


certain conditions. The preliminary and 


limits indicated in Table 
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Fig. 4 Comparison between reducing (curve b) 
and stabilized (curve a) states of shock-wove 
spectra 


= 5 deg, kz = 1.55, 
H, = 3.3m 
For curve b: x) = 30 sec, 
cent, kao = 1.23 
Spectrum of transient shock waves as of the 
instant z = 30 sec after flow velocity diminished 
to ky = 1.55 (\/] = 38 per cent) 


te = 18 C, 


(A/Dc = 100 per 
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Fig. 7 Comparison between regenerating 
(curve ¢) and stabilized (curve o) states of 
shock-wave spectra 


= 5 deg, ka = 1.45, 
H, = 3.3m 
For curve c: z) = 2 min 
z= 30 sec, A/I = 42 per cent, 
ky = 1.45 


te = 15C, 
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Fig. 5 Comparison between reducing (curve b) 
and stabilized (curve a) states of shock-wave 
spectra 
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Fig. 8 Comparison of shock-wave spectra of 
stabilized (a), reducing (b), and regenerating (c) 
states 


= 0 deg, ka = 0.90, 
H, = 3.3m 
For curve b: z, = 30 sec, 
(A/Dc = 110 per cent, hea 
z= 30 sec, 
\/l = 43 per cent, ka 
For curve c: z) = 2 min 
z= 30 sec, 
\/l = 43 per cent, ka 
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Fig. 6 Comparison between regenerating 
(curve c) and stabilized (curve a) states of 
shock-wave spectra 


a = 5 deg, kag = 1.55, 
H, = 3.3m 
For curve c: z) = 2 min 
z = 30 sec, d/l = 38 per cent, 
kg = 1.55 


15 C, 


Fig. 9 Comparison of shock-wave spectra of 
stabilized (a), reducing (b), and regenerating (c) 
states 


ka = 0.75, 
H, = 3.3m 
For curve b: z) = 30 sec, 
(\/Do = 110 per cent, kao 
z= 30 sec, 
d/l = 90 per cent, ka 
For curve c: z) = 2 min 
z = 30 sec, 
\/| = 90 per cent, ka 


a= 0 deg, = 20 C, 


= 0.65 


0.75 
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Fig. 10 Comparison of shock-wave spectra of stabilized (a), reducing 
(b), and regenerating (c) states 


a = 7 deg, ke = 2.05, 

For curve b: z) = 30 sec, 
z = 30 sec, 

For curve c: z) = 2 min 
z= WO sec, 


te = 7C¢, = 
(A/Do = 110 per cent, = 1.40 
A/Il = 22 per cent, ky = 2.05 


\f/l= 22 percent, kz = 2.05 


The limits in Table 2 for k, are indicated in Fig. 13 by the range 
marked b (for reducing cavitation) and c (for regenerating cavita- 
tion). It will be seen that the upper limit of the range c coincides 
with cavitation incipience for all angles of incidence. It must 
further be noted that the period of subjection to preliminary 
cavitation 2 has no effect on this range, in either reducing or re- 
generating cavitation 

The effect of the transitional phenomena on the lift and drag‘ 
was next examined for different values of kz, the measurements 
being made by a method already reported [6]. The degree of de- 
velopment of the preliminary cavitation during these tests was 
within the range of kao given in Table 2, and zo was 30 sec for re- 
ducing cavitation and z = 2 min for regenerating cavitation 
As a result it was found that: 


1 No difference in the values of lift coefficient could be de- 
tected during reducing and regenerating cavitation as compared 
to the ultimate stabilized state. 

2 The same tould be said of the drag coefficient with regen- 
erating cavitation, but with reducing cavitation a discrepancy of 
up to 6.5 per cent (with a = 7 deg and k, = 0.7) was recorded in 
the drag coefficient in comparison with the stabilized state. 

3 The transitional shock wave occurs only when the ulti- 

* The lift and drag coefficients Ca and Cy 
to the following formula: 


are computed according 


, 


where 


A, W measured lift and drag 
to = mean flow velocity upstream of profile 
F profile area = chord breadth 
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Fig. 11 Comparison of shock-wave spectra of stabilized (a), reducing 
(b), and regenerating (c) states 


a = 7 deg, ka = 1.51, 

For curve b: z) = 30 sec, 
z = 30 sec, 

For curve c: z) = 2 min 
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Fig. 12 Relation between mean shock-wave pressure p,,, and cavitation 
coefficient k,. 


a = 5 deg, t. = 18 C, H 
a: Stabilized cavitation 
b: Reducing cavitation (z, = 30 sec, 
k i = 1.1 5, 
: Regenerating cavitation (z 


3.3 m, f = 250 ke 


(\/Do = 110 per cent, 
z = 30 sec) 
= 2 min, z = 30 sec) 


mate cavitation falls within 
Table 2 


4 The anomalous shock wave of the reducing cavitation occurs 


ind r l, 


the limit represented by Ka 


only when the preliminary cavitation to which the flow is sub- 
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Table 2 Limiting ranges for preliminary and ultimate cavitation for production of transient 


anomalous shock waves 


Preliminary 
cavitation 
(A/L)o, , 


Incident 
angle, deg 
a per cent 
0 70 ~ 130 
3 75 ~ 130 


7) 75 ~ 130 


1.68% 


—Oo— 0 
x 


+ 


c 
b 


= + 


- 


Reducing 
cavitation-—— - 
A/l, per cent 
40 ~ 118 
10 ~ 100 


36 ~ 


Q/ds= 107 


b Z.= 30 sec 
-C 2 =2 min 


+ 


+ 


Ultimate cavitation 
Regenerating 
cavitation 
d/l, per cent 
10~118 092~0.6 
40 ~ 100 1.25~1.0 
90 1.72~1.3 


ka 
0.92 ~ 0.6 
1.25 ~ 1.0 
1.60 ~ 1.3 


ka 


90 32 ~ 


a=5° 

Kg =! 45 

a Q/ds =! 07 
4 , 
~\ tw27C 


+ + 





+ 38+ 
+ 3% ne + + ° 
4 | > 3 


t——+_Incipience 
. +——@ 





+ 


0° 





Fig. 13 Comparison of drag coefficients for stabilized (a), reducing (b), and regenerating 


(c) cavitation 


te = 15 C, 
For curve b: z, 


a/a, = 1.07, 
= 30 sec 


H, = 3.3m 


For curve c: z) = 2 min 


jected, represented by ky and (A/1 
Table 2. 

Influence of Temperature on Transitional 
The are 
for different water temperatures in Figs. 14 (reducing cavitation ) 
and 15 (regenerating cavitation) 


, fulfill the limited condition 


Shock-Wave Spectrum. 


spectra of transitional shock-wave pressures shown 


The following points emerge 
from these curves: 


1 The maximum values of mean shock-wave pressure p,,, do 
not vary appreciably with temperature in reducing cavitation, 
but change considerably in the case of regenerating cavitation 


” 
~ 


The frequencies that give maximum Pom do not vary much 
with temperature. 

3 The influence of temperature on p,,, varies according to the 
frequency 

Frequency of Occurrence of 
Different Intensities. 


Individual Shock-Wave impulses of 
The imparted pressures p,; of the individual 
shock waves appearing on a 250-ke oscillogram were measured 
{2], and the number of recorded impulses in each category of im- 
parted pressure intensity was plotted as a histogram against the 
frequency of occurrence during a period of 1 sec (Fig. 16, cor- 
responding to the experiments represented in Figs. 5 and 7 
17, 14 15 
emerge from these figures: 


Fig 


corresponding to Figs and 


The following points 


1 The number of impulses imparted during reducing cavita- 
tion is markedly superior in all categories of Pi, a8 compared to 
that of the stabilized state. 

2 In the of 


markedly inferior. 


case regenerating cavitation this number i 


3 In comparison with the cases of reducing and stabilized 
cavitation, a relatively large number of extremely faint impulses 
occurs in regenerating cavitation. 


About 4150 oscillograms were taken in the foregoing experi- 
ments 
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20 KC 
Fig. 14 Influence of differences in water temperature 
on the wave spectrum in reducing cavitation 
k 1.45, H, = 3.3m 
(\/Do = 100 per cent, 
\/I = 42 per cent, 


a=5 deg, 
Zz 30 sec, 
z 30 sec, 


. = 
ka = 


KC 


15 Influence of differences in water temperature 
on the wave spectrum of regenerating cavitation 


k 1.45, H, = 3.3m 


fl 


Fig. 


a=5 deg, 
% = 2min 
z = 30 sec, 


42 per cent, ky 1.45 


Shock-Wave-Pressure Anomalies Caused by Independent 
Preliminary Cavitation Occurring Upstream of the Principal 
Cavitation 


Considerations Concerning the A I Ph Th 


of the anomalous phenomena discussed in the foregoing suggests 





nature 


the involvement, at least in part, of bubble nuclei, necessary for 
cavitation incipience, as one of the causing factors. In redue- 
ing cavitation, the innumerable bubble nuclei formed by the ex- 
tinction of the bubbles caused by the overdeveloped preliminary 
cavitation circulate back to the test stretch of the tunnel, thus 
bringing about the anomalous phenomenon 

(A 


The limiting ranges of mentioned in the section Condi- 
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Fig. 16 Frequency (nm per sec) distribution of individual shock-wave 80 100 
impulses according to their intensity p; 
Fig. 17 Frequency distribution of individual shock-wave impulses 
a = 5 deg, ky = 1.45, te = 15C, H, = 3.3m, = 250 ke according to their intensity p 
a: Stabilized cavitation, b: Reducing cavitation, 
c: Regenerating cavitation a = 5 deg, ky = 1.45, t 7 ¢, H 3.3m, 250 ke 
For curve b: z) = 30 sec, A/D) 100 per cent, ky = 1.23 a: Stabilized cavitation, b: Reducing cavitation, 
z = 30 sec, \/l = 42 per cent, ka = 1.45 c: Regenerating cavitation 
For curve c: z) = 2 min For curve b: z, = 30 sec, (A/D) 100 per cent, 
z= 30 sec, \/l = 42 per cent, ko = 1.45 z= 30 sec, \/l = 42 per cent, 
For curve c: z) = 2 min 


. , z = 30 sec, \/l = 42 per cent 
tions Under Which Transitional Phenomena Occur, may be ex- 


plained as follows: An excessive velocity during the preliminary 
cavitation, e.g., (A/l > 130 per cent at a 5 deg, causes a 
veritable cavity around the specimen profile, which disfavors the 
formation of minute bubbles which would later transform into 
bubble nuclei. To the contrary, the faint preliminary cavitation, 
e.g., (A/Do < 75 per cent at a 5 deg, yields only insufficient 
formation of minute bubbles which would transform into bubble 
nuclei 

Regenerating cavitation might be explained as a phenomenon in 
which the stoppage of the flow after subjection to the preliminary 





cavitation causes the disappearance of a large part ol the bubble 
nuclei Though no satisfactory explanation can be given of the 
fact that p,,, is less attenuated with zo = 0 than with z 2 min, 





Fig. 3, nevertheless it may be stated that regenerating cavitation 





presupposes the existence of some form of preliminary cavita- 
tion to which the flow is previously subjected 
Those considerations led us to realize the possibility of produc- 
ing the anomalous phenomenon with an open-end tunnel, by 
subjecting the flow to independent preliminary cavitation up- 
stream of the test stretch, to compare the results with those 
obtained with a closed-circuit tunnel. 
Device for Producing Independent Cavitation Upstream of Test Stretch. 
\ cavitation-producing propeller K, Fig. 18,5 was inserted in the 
circuit of the cavitation tunnel [2, 6] at a point upstream of the 
test. stretch This cavitation tunnel can be operated both as 
closed-circuit [6] and open-end [2] systems 
Fig. 18 Device for producing independent upstream cavitation 


\ propeller designed to produce profuse cavitation; 250 mm diam, K: Cavitation-producing propeller: 250 mm diam, powered by a 2-hp 
1450 rpm, powered by a 2-hp motor motor at 1450 rpm 
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Experiments With the Closed-Circuit System on the Effects of independent 
Preliminary Cavitation. The effect of the increase in bubble nuclei 
formed by the independent preliminary cavitation was studied. 
The results are shown in Fig. 19, curve 6b, obtained under the 
conditions inscribed in the figure. Stabilized cavitation was pro- 
duced on the specimen; the cavitation-producing propeller was 
This instant of 
stoppage was taken as origin for the co-ordinate of the curve, 
which clearly illustrates how the mean shock-wave pressure p,,,, 


then brought into action for 40 see and stopped. 


initially anomalously high, settles down in the course of about 2 
min, to the stable ultimate value. Thus an anomalous phe- 
nomenon, analogous to that of reducing cavitation, was obtained 
without recourse to overdeveloped preliminary cavitation, simply 
by the superposition of an auxiliary point of cavitation upstream 
of the principal point. The anomalously high, transient, shock- 
wave pressures may be attributed to the increase in bubble 
nuclei caused by the cavitation-producing propeller. The size of 
cavitation on the test profile during the transitional period di- 
minished from Ao/l = 7 per cent, A/l = 46 per cent at z = 0 
down to the stabilized Ao/l = 7 per cent, \/l = 44 per cent at z = 
2 min, Ao being the distance of the head of cavitation measured 
from the leading edge of the profile 


30; 
= 5° kg=150 
tw*84°C 
f =250KC 
b + 
aa - > - oe 


} Zo=1O min\ 
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Fig. 19 Anomalous shock-wave pressures obtained with i 


upstream cavitation—closed-circuit system 


(b): z = O at instant at which propeller motor was shut off 
(c): z = O at 30 sec after restarting propeller K 
a = 5 deg, ka = 1.50, fe = 8.4C, f = 250 ke 

Curves ¢ in the same figure give the results of experiments in 
producing effects analogous to regenerating cavitation with the 
upstream cavitation. Similarly to the previous experiment, 
stabilized cavitation was first produced on the specimen profile, 
and the propeller K then started, operated for 40 sec, and stopped. 
At the same instant the main pump motor was shut off (the motor 
coming to a stop in about 30 sec, and the flow itself 20 sec later 
After a predetermined period z) measured from the instant when 
the motor was shut off (zo = 2 min in the present case) the pump 
was restarted. The curve (c) depicts the evolution of p,,, 
gradually builds up to the stable value. The origins of the curves 


as it 


(c) are placed at 30 sec after the instant when the pump motor is 
switched on again. The curves follow a pattern quite similar to 
that of regenerating cavitation, shown in Fig. 3, curve (c). The 
size of cavitation during this transitional stage changed from 
Ay /l = 7 percent, A/l = 42 ~ 43 per cent at z = Oto Ao/l = 7 per 
cent, A/l = 44 per cent at z = 2 min. 

Experiments With an Open-End System. [Effects analogous to 
regenerating cavitation cannot be produced with this system. 

Fig. 20 depicts the evolution of Pp 


160 / sune 


, measured during an experi- 
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Fig. 20 Anomalous shock-wave pressures 
upstream cavitation—open-end system 





hini d with indep 


Zq: Propeller K brought into action 
z: Transient I pressure reaches full development 
z-: Propeller motor shut off (z.— z. = 40 sec) 

za: T ient ph terminates (zz — z. = 95 sec) 
a=S5deg, k;= 1.50, t.=84C, f= 250ke 








After obtaining a stabilized 
5 deg, kg 1.50) on the specimen profile, 
the cavitation propeller K was started (point z, in Fig. 20); the 
anomalously high p,,, was observed to reach its full strength in 


ment simulating reducing cavitation 
cavitation (a = 


about 20 sec (point z,); the propeller motor was shut off at point 
z,, but the anomalous pressure was observed to persist for about 
95 sec (period z, The size of cavitation was observed by 
eye to diminish from \o/l = 7 per cent, A/l = 46 per cent at z, 
to Ao/l = 7 per cent, A/l 14 per cent (stabilized) at z,. Thus 
it was definitely proved that anomalously high shock-wave pres- 


— 2,). 


sures could occur without overdeveloped cavitation being pro- 
duced at any point, when the flow was subjected to independent 
preliminary cavitation at a point upstream of the principal cavi- 
tation point. 

It may be imagined that conditions similar to this experiment, 
which might be called ‘‘superposed cavitation,’ may occur in 
Thus it must be thought that 
abnormally high shock-wave pressures can be produced in hy- 


ordinary hydraulic machinery 


draulic machinery when the flow is subjected to superposed cavi- 
tation. 

No satisfactory explanation can be given to the fact that with 
the closed-circuit system the p,,, begins to decline immediately 
upon stoppage of the propeller K, curve (6), Fig. 19, while with 
the open-end system the anomalous pressure is maintained for 
some moments, Fig. 20, though it must of course have some rela- 
tion with the difference between the two systems. 

The effect of the superposed cavitation on the lift and drag was 
As a result it was found that no difference in the 
values of lift coefficient could be detected as compared to the 


next examined, 


ordinary simple cavitation 

In the drag coefficient the discrepancy of the same degree with 
the reducing cavitation, Fig. 13, was recorded in comparison 
with the ordinary simple cavitation 

Summary of Results on Experiments With Independent Preliminary 
Cavitation. 


can be produced even when the flow is subjected to superposed 


(a) The attenuating effect of regenerating cavitation 


preliminary cavitation, though this should produce a large amount 
of bubble nuclei. 

(b) The size of cavitation during this attenuated transient 
phenomenon is observed by eve to appear about 2 per cent smaller 
than after stabilization 

(c) Under normal conditions of cavitation on the profile, the 


superposition of an auxiliary point of cavitation further upstream 
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Photo 1: 
cavitation 


Stabilized Photo 2: Reducing 


cavitation 


Photo 3: Regenerating 
cavitation 


Fig. 21 (Photos 1-3) Bubbles taken with extended exposures (top) and 
those with high-speed photegraphy (below) 


a = 5 deg, kz = 1.45, ti’ =7C 
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causes the mean shock-wave pressure to rise to a level several 
times higher than normal, in a manner analogous to the case of 
reducing cavitation. 

(d) With superposed cavitation, the shock-wave pressures are 
anomalously high both with open-end and closed-circuit systems 

(e) The size of cavitation during the transient period was ob- 
served to appear about 2 per cent greater than after stabilization 

(f) The anomalously high pressures accompanying superposed 
cavitation diminish promptly upon removal of the auxiliary cavi- 
tution in the case of a closed system, but persist for some moments 
with an open-end system. 

(g) With superposed cavitation, no difference in the value of 
lift coefficient and a slight change in the value of drag coefficient 
could be detected as compared to the ordinary simple cavitation 


Considerations Concerning Cavitation Bubbles 


Observation of the Bubbles. The relation of the mean shock- 
wave pressure p,,, and the individual impulse pressure p, to the 
status of the bubbles was examined with the use of high-speed 
photography (6300 frames per sec, see Fig. 21, Photos 1-3). In- 
dividual bubbles were photographed at successive stages of de 
velopment and decline, and the evolution in their size examined 

The top pictures of Photos 1-3 were taken with extended ex- 
poses of (2 ~ 2.25) K 10~* sec in order to show the form of the 
bubbles more clearly. The photographs were taken during e» 
periments with a = 5degandk, = 1.45. A total of 12,630 frames 
of photo 1 and 4210 frames each of photos 2 and 3 were used 
for the data of Figs. 22 and 23. 

The bubbles appearing in all the pictures taken were measured 
and the evolution of their sizes noted. The bubbles do not present 
accurate spheres but are shaped like ellipsoids of rotation. Since 
the photographs do not permit the determination of the bubble 
dimension in the direction perpendicular to the profile surface, 
the bubble size is represented simply by its axial length (d, on the 
top picture of Photo 3) 


7 


T/L % 
Fig. 22 Evolution of cavitation bubble 


a: Stabilized cavitation, b: Reducing cavitation, 
c: Regenerating cavitation 
a = 5 deg, k 1.45, t\=7C 
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Fig. 23. Frequency (m, per sec) distribution of bubble sizes d),..,., mm 


a: Stabilized cavitation, b: Reducing cavitation, c: Regenerating cavitation 


a=§5 deg, 


Evolution of the Size of Cavitation Bubbles. A study of the photo- 
graphs indicated that there were three kinds of bubbles [8]: 
Traveling cavitation, rebounded traveling cavitation, and fixed 
cavitation It. has that the phe- 


nomenon which contributes most to the production of the shock 


already been reported [9] 


waves is that of the traveling cavitation extinguishing itself. Fig 
22 depicts the evolution of the sizes of three random examples of 
traveling bubbles, during stabilized (curve a), reducing (curve b), 
The bubble size, d,, is 
plotted against the positions held by the bubble during its pas- 
sage towards the profile tail (the positions being represented in 
percentage of the chord, measured from the leading edge of the 
profile 


and regenerating (curve c) cavitation 


It is seen that the bubble of reducing cavitation (curve 
bh) develops to a greater size as compared to the other cases. In 
this example the curve (c) representing a case of regenerating 
cavitation rises above the curve (a), 
bubble 


results 


of a stabilized cavitation 
since the curves are random examples and not statistical 


Bubble Sizes and Their Frequency Distribution. Al] the cavitation 
bubbles (excepting fixed cavitation) appearing on the profile sur- 
face were classified wecording to their category ol size  —— at 
the greatest development, and their 


plotted in 


frequency m, (per sec 


a histogram of l-mm intervals between size cate- 


gories, Fig. 23. It will be seen that, as compared to stabilized 
cavitation (curve a), the number of bubbles produced is markedly 
higher with reducing cavitation (curve b), and markedly lower 
with regenerating cavitation (curve c), though the median sizes 
do not appear to differ significantly. This explains qualitatively 
the p,-n relation given in Fig. 17; namely, the relation between 
the intensity p, of shoeck-wave impulse and the frequency o! 


occurrence n 
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‘*Kavitationsblasen 


J. W. Daily’ 


The author’s interesting experiments have disclosed the sig- 
nificant phenomenon of cavitation activity being increased as 
the result of upstream cavitation chief 
quences is the likelihood that cavitation erosion is accelerated by 
this effect. 


hydraulic machinery cannot be overestimated 


conse- 


Among its 
Should this prove true, the importance as regards 


The explanation relating increased cavitation activity to an 
increase in the bubble-nuclei population by the upstream cavita- 
tion agrees qualitatively with the present understanding of the 
role of gas nuclei in the cavitation process, and the writer finds 
this general explanation most plausible As regards the detailed 


Professor of Hydraulics, Hydrodynamics 


achusetts Institute of Technology 


Mas- 


Laboratory, 


, Cambridge, Mass. 
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interpretation of the author’s test results, however, the writer As to the first question, that is, inconsistency between the 
has some questions as follows: orders of zo and attenuation of p,,, in Figs. 3 and 19, the author 
Considering the author’s experiments and his interpretation stated in the text of his paper that he could not explain it. It 
of them the following factors seem to be involved: means he affirms that there could be influence of some unknown 
A Factors that apparently produce extra nuclei in the water additional factor. The following are to be considered as ques- 
approaching the test hydrofoil: tions outside of the amount of nuclei. That is, some conditions 
(1) Recirculation of nuclei generated by cavitation of the seem to be necessary to materialize themselves for cavitation 
test hydrofoil itself. nuclei to grow to cavitation bubbles. For instance, it is con 
(2) Artificial generation of nuclei by separate upstream _ sidered that, in case of regenerating process where flow velocity 
cavitation increases from zero to the velocity of ultimate cavitation, the 
B Factors that reduce the nuclei population in the approach- — generation of boundary layer or a certain form of velocity dis- 
ing flow: tribution therein is necessary That means it is possible to 
(1 Elimination of recirculation assume that relations between these factors, those in B(3)N 
2) Elimination of upstream cavitation stated hereafter, and z are not too simple 
(3) Allowing re-solution of bubble nuclei (by flow stoppag As to the second question, the author would like to answer as 
before the nuclei reach the test hydrofoil. follows: 


While the author’s findings from his tests of reducing cavitation Professor Daily quoted items A(1) to A(2) and B(1) to B(S 


in the closed circuit and simulated reducing cavitation with as representing author’s experiment and his interpretation. The 
both the closed and open circuits are consistent with the foregoing author, however, wants to revise A(1), B(1), and B(3) asf 

items, some of the other results suggest some inconsistencies A(1)N Reeirculation of nuclei generated by “redu 

(a) The author’s Figs. 3 and 19 show that for regenerating tation’’ of the test hydrofoil in a “transitional period 
cavitation and simulated regenerating cavitation in the closed 
circuit the anomalous effects are reduced as the stoppage period 


Ts a 


2) increases. This seems to suggest more nuclei after a long z 
than for short period, rather than a greater deficiency as would = 


be expected. Certainly, with an increased deficiency of nuclei, t 








an increasingly anomalous behavior should be expected rather 





than vice versa. The finding suggests the influence of some 
unknown additional factor in this experiment. (b) The author 








states that the stabilized value of p,,, for a particular k, was the — 
same tor open and closed-circuit tests of the hydrofoil alone “8 = 

This suggests no effect of recirculation of nuclei generated by ia 20 oH) 
cavitation on the test hydrofoil which is inconsistent with items 10 


A(1) and B(1) and consequently with the findings from both the Specimen hydrofoil profile and crystal pickup 
Profile: Clark Y 
Outline of ordinary crystal cross section 

In the case of reducing cavitation, the excess cavitation was Cross section of crystal actually used 
obtained by increasing the velocity It is assumed that similar Visible cavitation 
Velocity of iow 
Incidence angle 


decreasing and regenerating cavitation The author’s comments 
on these pomts would be apprec iated 


effects (though perhaps smaller in magnitude) would be obtained 
were the cavitation coefficient udjusted by varying the absolute 





pressure instead Perhaps the author has information regarding — 
this method of operation ( bf 
_ oe 


With regard to the experimental method of measuring the t 


a 
cavitation shock-wave pressures, it would be helpful uf the (JK Ly 
author could provide the details of the pickup design and its © ° 


aecuracy ind directional discrimination, ais We il as an expl ination 














of the method of ev itluating the Instantaneous pressure pulses a a; 


é 


Author's Closure Fig. 25 Arrangement of receiving device 
a Crystal pickup 

b Amplifier—detector 

c Cathode ray oscilloscope 

him. d\-d, Earth 


The author wishes to express his appreciation of the under- 


standing discussion given by Professor Daily and wants to answer 





























Fig. 26 Calibrating arrangement for the receiver 
Crystal pickup d\-d, Earth 
Amplifier—detector e High frequency wave generator 
Cathode ray oscilloscope f Bult voltmeter 
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27 Change in gain with frequency for different pickups—range 0.5 ~ 3.0 MC, pickups with resonance at 0.5, 1.0, 2.0, 3.0, and 4.0 MC 
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Fig. 28 Change in gain with frequency for different pickups—range 
200 ~ 600 KC, pickups with resonance at 0.5, 1.0, 2.0, and 3.0 MC 


equal to a short time required by only one circulation of flow in 
the tunnel (ef. Figs. 2 and 19) 

BC(L)N the 
elimination of flow circulation and raising velocity, to make the 


“Regeneration process,”’ consisting chiefly of 
transitional attenuation of a short time almost equal to the time 
required of by only one circulation of flow in the tunnel. 

B(3)N Ditto with Professor Daily’s. Further, the author 
wants to add that some part of cavitation bubbles may not reduce 
themselves back to nuclei but expel themselves from water where 
velocity is small, for instance, in the upper part of the tank in Fig. 
18 

The author believes that there is no inconsistency through this 
correction, but he will add some more by way of explanation 

It should be interpreted that in the closed-circuit tests, the in- 
crease or decrease of nuclei shown by transitional anomalies re- 
covers their normal quantity. 
That is, 
tests that indicates shock pressure p,,, of ultrasonic wave emitted 


And the following will prove the 
statement there is no evidence in the closed-circuit 
by the stabilized cavitation under a constant value of k, rising 
with the lapse of time. That is again to be interpreted that no ac- 
cumulation of nuclei takes place in the tunnel. Then, in case the 
water used in the open-circuit tests is used in the closed-circuit 
tests, the stabilized value of p,,, ought to be the same in both cases 

On Professor Daily’s question of adjusting the cavitation coeffi- 
cient by varying the absolute pressure to obtain reduced cavita- 
tion, the author conducted qualitative test and found the possi- 
bility of the said method, though he did not make comparison of 
When 


k,-value of ultimate cavitation is taken as 1.55 and the value of 


the values of p,,, in pressure method and velocity method 
excess cavitation 1.36, the statical head is required to be dropped 


by 1 m aq to obtain the excess cavitation and the time needed for 


it is 45 ~ 50 sec instead of 2 ~ 3 see 


164 / sune 


And the time required to 
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Fig. 29. Change in gain with frequency for different pickups—range 40 
~ 240 KC, pickups with resonance at 0.5, 1.0, and 2.0 MC 


reduce the flow from k, 
instead of 20 sec 
In conclusion, the experimental method of measuring shock- 


1.36 down to kz = 1.55 is about 60 sec 


wave pressure is as follows: 
(1) Hydrofoil Setting 
mm both in chord and width (Fig. 24); 


The specimen hydrofoil measures 70 
one end is fixed to the 
wall (of bronze) of the cavitation tunnel; a plexiglas window 
forms the opposite wall at this point. A free space 0.05 mm wide 
was left between the specimen and the window for experiments in 
lift and drag determination, but in the present case, the specimen 
was made to press directly on the window to provide for the 
transmission of ultrasonic waves to the hydrophone 

(2) Ultrasonic Wave Receiving Device. The hydrophone, an 


The im- 


pulses induced by the ultrasonic waves and transmitted through 


X-cut crystal, is held against the plexiglas window: 


the window are amplified and measured by a cathode ray oscillo- 
The 


apparatus is designed to possess a sufficient degree of frequency 


scope. The layout is outlined schematically in Fig. 25. 
selectivity to meet the present requirements. The quartz pickup, 
originally a cylinder 20 mm in diameter, was cut on two sides 
leaving a width of 8 mm (cross section indicated by a continuous 
line in Fig. 24), with the view to limiting as far as possible the col- 
lecting area and thus focusing the measuring point 

(3) Calibrating the Receiver Gain. The over-all gain character- 
istics of the receiver were calibrated by the device shown in Fig 
26: A modulated wave of constant power from a high frequency 
wave generator (e) was applied after appropriate attenuation (by 
R, and R;), to the two ends of a low resistance leak (R,) inserted 
between the pickup (a) and earth. The pickup output was am- 
plified and detected (by b), 
The results of calibration are shown in Figs 27 to 29, for three fre- 


and measured by oscilloscope (c). 
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quency bands between 0.5 and 3 MC. Different receiver sets 
with characteristics suited to each band were used, which ac- 
counts for the different levels of gain recorded in the diagrams in 
Figs. 27 to 29 

The ultrasonic waves are attenuated by about 12 per cent 
through reflection during their passage through the plexiglas 
window, and this has been taken account of in the calculations 
Further, though sound waves would be generated all along width 
of the specimen, it can be assumed that only those emanating 
from the vicinity of the window reach and penetrate it to enter 
the pickup, considering that the rest of the waves have to pass 
through a thick layer of cavitation bubbles, known to have a 
high shielding effect on supersonic waves.” 

The same consideration preciudes the possibility of waves re- 
flected from the opposite and surrounding walls having any ap- 
preciable effect 

(4) Calculation of 


Shock Pressure. One of the oscillograms 


’ J. Saneyoshi, ‘Theoretical Studies on Absorption and Reflection 


of Ultrasonic Waves in Water Containing Bubbles,"’ Bulletin, Tokyé 
Institute of Technology, series B, no. 1, 1953, pp. 1-30. 


Fig. 30 An example of oscillograms 








S 


T 


& 


Induced Voltage 


taken is shown in Fig. 30. The method of calculating out the 


shock pressure p, and p,,, is stated in footnote 7 of the text 


Preliminary Experiments. 

(1) Selecting the Quartz Pickup. The supersonic waves pro- 
duced by cavitation can be expected to have a very wide frequency 
range, depending also on the incident angle and cavitation co- 
efficient. In order to select a pickup suitable for receiving such a 
range of frequencies, 5 different models (with resonance occurring, 
respectively, at 0.5, 1.0, 2.0, 3.0, and 4.0 MC) were tested on a 
given cavitation phenomenon (Clark Y 11.7 per cent, incidence 
angle a = 0 deg, cavitation coefficient k, = 0.8 The result, 
given in Fig. 31, shows that in this case no waves above 2.5 MC 
were involved. The same figure also shows how pickups with 
resonance below 2.5 MC distort the spectrum by exaggerated am- 
A pickup 
with resonance at 3 MC was chosen for detecting waves in the 
range 0.5 ~ 2.5 MC. 


plification of waves around the resonance frequencies 


Similar tests were made for selecting pick- 
ups to be used with amplifiers for detecting waves in the range 
150 ~ 650 KC (Pig. 32) and 55 ~ 250 KC (Fig. 33 The tests 
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Fig.32 Spectrum of cavitation waves obtained with pickups possessing 
different res e freq i freq y band 150 ~ 650 KC, k, 
0.77, pickup resonance frequencies 0.5, 1.0, 2.0, and 3.0 MC, profile 
Clark Y, a = 0 deg 
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Spectrum of cavitation waves obtained with pickups possessing different resonance frequencies—frequency band 0.5 ~ 


3.0 MC, ky 


0.8, pickup resonance frequencies 0.5, 1.0, 2.0, 3.0, and 4.0 MC, profile Clark Y, a = Odeg 
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Fig.33 Spectrum of cavitation waves obtained with pickups possessing 
different res e freq i freq y band 55 ~ 250 KC, k 
0.77, pickup resonance frequencies 0.5, 1.0, and 2.0 MC, profile Clark Y, 
a 0 deg 
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Fig. 35 Variation of wave intensity along the thickness (y-direction) of 
profile (along the straight line perpendicular to the chord at the point of 
maximum intensity along chord) 


were further repeated with different values of incident angle and 
cavitation coefficient 

(2) Determination of Measuring Point. Cavitation waves are 
believed to be generated by the shock of extinguishing cavitation 
bubbles. 
be expected to be in the vicinity of the tail of visibility cavitation 


(dotted line ¢ in Fig. 34) 


The point of maximum wave intensity can therefore 


By moving the pickup along the chord of the profile the actual 
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Fig. 34 Variation of wave intensity along chord—a = 3 deg, k. = 1.25 
frequency of shock wave = 1.7 MC. (ca) Profile, (b) visible incipient, 
cavitation, (c) line indicating position of visible cavitation tail, head 

10 mm, tail \ = 25 mm. 
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Fig. 36 Variation of measured wave intensity according to angle @ of 
pickup crystal. Incident angle a = 5 deg, k, = 1.39, frequency f = 300 
KC. 


point of maximum intensity was found to be slightly displaced 


downstream from the tail of visible cavitatior 


The pickup 


was further displaced per pe ndicularly to the chord ong the y- 


axis in Fig. 34) to determine the point of highest intensity on the 


whole cross section (Fig. 35 


As concerns the angular position ol the pick ip the re sults of 


tests, shown in Fig. 36, indicate that within a range of +20 deg 


the angle @ given to the pickup does not significantly affect the 


measured values \ guide was fixed to the evlindrical metal 


mounting of the pickup to keep its angle within these limits 
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Cavitation and NPSH Requirements 
of Various Liquids 


Senin oh i Test results on the net positive suction head, NPSH, requirements for centrifugal 
feces, Mem, Abe pumps handling water up to 420 F, some hydrccarbons, and Freon-11 are presented 
Satisfactory pump performance was observed with net positive suction heads less than 
those required by the pump on cold water. A direct measurement of NPSH was at 
tempted and is reported. The cavitation process is discussed and a correlation and 

method of prediction for all liquids is proposed 


VICTOR SALEMANN 


Group Supervisor, 
Research and Development Section, 


N.. POSITIVE SUCTION HEAD is defined as the dif- 


ference between the absolute suction head and vapor pressure at 


_ _ BENZENE 

+ ~ FREON 1! | tage 

+ ++ + . - BUTANE 100 + 
suction temperature. The minimum required NPSH is usually EOC el mee ce ge ee 
found by test, in which total head and efficiency are measured as 


+ +4 + +44 44 


+4 


i function of a cavitation coefficient When converted to or > mel 


+ 
+ 

+ + eo 
+ 
, 
> 


tested at constant speed, a deviation from the initially constant $++444 


value results when cavitation begins Noise and vibration tise : jmeaee 
usually accompany cavitation and are also used as a means of 


+4 
detection Generally, a small percentage drop in head is used to - } ij Li td ee 
define the minimum required NPSH. + 
It has been known for some time that pumps operating on hy- 


drocarbons can perform satisfactorily when supplied with less 
NPSH than the minimum required for cold water. Head, ca- 





pacity, and efficiency experience little change and apparently no 
cavitation erosion takes place 





—_4—_+— 
30 4080 100 


The need for better experimental measurements for hydrocar- varon paaseuna - pent 


bon NPSH resulted in a series of tests in which the NPSH re- , , 
: Fig. 1 V’ versus vapor pressure 
quirements at several temperatures for water, benzene, butane, 
butane-propane mixtures, gasoline, kerosene, and Freon-11 were 
: “depressing’’ butane at room temperature a given amount with 
determined and a general correlation attempted. ; . : 
that of water at 300 F and concluded that since these volumes 
were in the same order of magnitude the two fluids should exhibit 


Previous Work similar reduced NPSH requirements 


use a parameter, B, defined as the vapor-to-liquid-volume ratio 


They finally proposed to 


Stahl and Stepanoff [1]! presented experimental results on a 
pump handling water up to 300 F and demonstrated that less 
NPSH was required at the higher temperatures They also 
proposed that thermodynamic effects limit the flashing of water 
into steam caused by a given pressure drop below the initial 


created by flashing due to a small pressure drop below initial 
saturation pressure This parameter is calculated and compared 
for two liquids or for the same liquid at two temperatures but 
using the same “depression.’’ From the comparison some con 
; aie clusion can be drawn as to the relative cavitating characteristics 
vapor pressure which they called “dynamic depression” and that 6 ¢ the two liquids. Furthermore, from the order of magnitude of 
the volume of the vapor thus formed decreases as the temperature the parameter it is possible to conclude whether such a pressure 
increases. They also compared the vapor volume created by drop in the pump is possible and, therefore, whether a correspond 


' . ing NPSH reduction can be expected 
Numbers in brackets designate References at end of paper s I 


Contributed by the Hydraulic Division and presented at the Jacobs, et al. [2], present data on pumping liquefied gases and 
Annual Meeting, New York, N. Y., November 30—December 5, 1958, a theoretical derivation of thermodynamic and viscous friction 
of THe AMERICAN Society oF MECHANICAL ENGINEERS. effects 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of : s 
the Society. Manuscript received at ASME Headquarters, August 4,  84turation pressure as a function ol fluid properties. Assuming 
1958. Paper No. 58—A-82. that this volume ratio, which they called V, is a constant for a 


They first expressed the volume ratio of vapor to vapor 
liquid mixture generated by a given drop of pressure below initial 


Nomenclature 





vapor volume . vapor volume Subscripts 


liquid volume total volume A denotes fluid and temperature 


enthalpy of liquid total volume B denotes fluid and temperature 
pressure c = cavitating 
enthalpy of evaporation pressure difference across suction 


an = liquid 


specific volume of vapor : ; oe 
; specific speed minimum noncavitating 


specific volume of liquid N = rotational speed vapor 
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Fig. 2(a) 


Fig. 2(b) Photograph of test stand, N, = 1600 


pump the ratio of V's for a pump operating on two fluids should 
equal unity. They then substitute the expression for V’ in terms 
of fluid properties and dynamic depression, and solve for the ratio 
of dynamic depressions. As a result they developed a ‘“Cavita- 
tion Tendency Quotient’? which for constant capacity may be 
expressed as 
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Schematic view of test stand, N, = 1600 


Fig. 2(c) Photograph of test stand, N, = 


T, (NPSH, NPSH, |, s(: 
T, (NPSH, NPSH, |, (' 


v 


. 


/ 


This parameter should be useful to extrapolate results to other 
temperatures and liquids, if the physical properties are known. 

The Appendix contains illustrations and sample computations 
of parameters B and V’ for the convenience of readers not ac- 
quainted with the material in References [1] and [2]. 


Test Apparatus and Procedure 


Two test stands and two pumps were used in the investigation. 
Most of the testing was done on a single-stage refinery-type pump 
of N, = 1600 an This pump was 
operated in the system shown in Figs. 2(a, b, and c). 


280-gpm design capacity. 
This sys- 
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tem permitted testing by suction-line throttling, by varying the 
pressure above the liquid level, and by varying the level itself. 
For most liquids, vapor pressure was maintained above the liquid 
level. The NPSH could therefore be computed from pressure 
and temperature measurements at the suction flange and also 
by subtracting the suction-pipe losses from the level in the stand- 
pipe. 

Vapor pressure was measured in the case of mixtures and com- 
pared with values calculated from Raoult’s and Dalton’s laws 
in the case of known butane-propane mixtures. For tests on 
gasoline and kerosene, the vapor pressure was measured by the 
teid and the “bubble-point’’ method. The latter is preferable 
for liquids containing gases and unknown mixtures where the 
vapor pressure depends on the evaporated quantity. 

Test results on commercial gasoline indicated that the Keid 
method of determination may be sufficiently 
accurate for liquid mixtures of closely similar properties. NPSH 
equal to that for cold water was observed for gasoline at room 
temperature using vapor pressure obtained by the Reid method 
but at pumping temperature 


Vupor-pressure 


Tests on kerosene, however, re- 
sulted in NPSH requirements above those for water when Reid 
vapor pressure was used. Repeated tests resulted in progressively 
lower values. The apparent discrepancy was due to the fact that 
vapor pressure above the liquid was obtained by an ejector, which 
“distilled’ 


evidently some of the volatile components during each 
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Fig. 3 Bubble-point-pressure measuring apparatus 


test. After a number of hours, most volatile components were 
drawn off and the NPSH requirements of the remaining liquid 
approached those of cold water. 

\ vapor-pressure determination by the Reid and bubble-point 
method was made on a fresh batch of kerosene. Results are 
plotted on Fig. 4 and indicate the presence of a small quantity of 
highly volatile constituents or dissolved gas. 

An attempt was made to measure the difference between vapor 
pressure and static pressure directly on water above 300 F. This 
was and temperatures could not be 
measured with enough precision to calculate NPSH with suf- 
ficient accuracy. 


necessary as pressures 
The apparatus used is shown schematically in 
Fig. 5. A similar apparatus was used by R. B. Jacobs, et al. [3], 
in their work on cryogenic liquids, and for similar reasons. In 
spite of precautions against heat transfer to the outside, Fig. 7, 
and for better heat transfer between bulb and fluid, Fig. 6, the 
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Fig. 5 Schematic view of vapor-pressure bulb 


Fig. 6 Photograph of vapor-pressure bulb 
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Fig. 7(a) Photograph of test stand, N, = 1200 
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Fig 9a) 


apparatus could not be made to indicate zero when the water in 
the suction pipe was flashing due to a throttled suction valve. 
The manometer on Fig. 5, under steady conditions, would not 
indicate less than about 1-in-Hg positive difference between 

The design of the chamber contain- 
ing the bulb was suspected of causing flashing at the bulb and 
recondensation after, thus producing a slightly cooler fluid around 
the bulb. A temperature difference of only 0.13 F would account 
for this pressure difference. 


suction and vapor pressure 


Since NPSH at 400 F was expected to be approaching zero, and 
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Fig. 7(b) Schematic view of test stand, N, = 1200 
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Fig. 9(b) Butane at 90 F cavitating performance 


the apparatus could not be made to read zero, it was decided to 
run tests by setting a capacity and measuring the head while the 
temperature was allowed to drop. Vapor pressure was previously 
obtained above the liquid level and NPSH could then be calcu- 
lated from suction losses and the level. As seen on Fig. 7, the 
entire suction line was insulated and no temperature difference 
could be detected from one end of the line to the other. Thermo- 
couples wired with opposing emf were used in conjunction with a 
light-beam potentiometer. The data thus obtained were used to 


extrapolate to design capacity to obtain NPSH requirements at 
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Fig. 10 NPSH versus capacity comparison 


Table 1 Test results, NPSH requirements at design flow and 3 
per cent drop in head 


Pump J, 1600, N = 3585 rpm 
Temperature, NPSH, ft, min. ac- 
F curacy +0.5 ft ANPSH 
70 12.3 0.0 
11.0 l 
8.6 3 


Butane 


Butane + 3 per 
cent propane by 
weight 


senzelr 


Kerose rie 
degasified 70 


Reid 70 


Gasoline 
Freon-11 85 10.2 
120 8.4 
Pump \ 1200, N 8585 rpm 

12.0 
9.5 
6.0 
2.0 


kxtrapolated from lower pacity NPSH accuracy 


is estin at 


> ft 


these elevated temperatures. At higher capacities, suction-pipe 
NPSH such that flashing is as- 


sumed to have begun in the piping prior to the impeller 


losses exceeded the available 
Test Results 


NPSH_ ar 
NPSH curves for the corresponding tem- 


Typical performance curves at nearly constant 
shown in Figs. 8 and 9. 
peratures are shown in Fig. 10 
NPSH as compared to cold water, at design point, is given in 
Table 1. Fig 
to the maximum capacity, plotted against vapor pressure in feet 
is then used to obtain NPSH values for any other 
11 as an NPSH correction 


This generalization was possible 


The reduction in required 
| shows V’ calculated for an NPSH corresponding 
This curve 
liquid if its properties are known. Fig 


chart for paraffin hydrocarbons 
by using equations for properties of hydrocarbons as published 
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Fig. 12 Correction for hot water 


Finally 
Both charts are for the pump tested 


by the Bureau of Standards [4 12 is a correction 


chart for hot water 


Discussion 


The difference between cold water NPSH and NPSH for other 
temperatures and fluids was used as dynamic depression to caleu 
late V’ 


tion process 


or percentage vapor by volume generated by the cavita 
It had been assumed here that a pump should 
handle the same volume percentage of vapor irrespective of ten 

perature. It was with surprise that the author discovered that 


this was not the case The percentage o! vapor (parameter | 


was calculated assuming: 


1 Constant temperature across a channel 
2 ‘Homogeneous’ type of vapor formation or identical loca 
vapor formation for all fluids and temperatures 

I | 


3 The difference NPSH. and 
limiting NPSH at other conditions was set equal to the 


between limiting oold water 


dynamic 


depression’’ of the fluid below vapor pressure corresponding 


suction temperature 


To jJustily these sssumptions, a model of the cavitating flow 


must be established. Stable cavities in the low-pressure regions 


rotating with the vanes or cavities nucleating at one point, grow 
ing until the flow swe eps them away and then coll ipsing, May be 


assumed Both these processes have been shown directly or are 


confirmed by localized cavitation dam we But both these proc 


esses exist only at relatively low pressures A fluid at high pres 


sure and ts mperature should tend to “cavitate more uniformly 


resulting in a more homogeneous mixture This is true because 
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Fig. 13 Modes of cavitation 


the pressure differences across a flow path depend on the velocity 
dist:ibution and are unaffected by the ambient pressure. At 


high pressures, however, a much larger ‘‘depression’’ is necessary 


to produce an appreciable volume of vapor. Thus although the 
flashing is more intense in the low-pressure zones, the fluid will 
flash across the whole channel (compare Figs. 13 a and b). 

The modes of cavitation may be identified according to the 
region in which the controlling parameters fall when plotted on 
Fig. 14. The value of B for a depression of 1 ft, called B(1) is 


1 
plotted against 
Apsv 


, Which denotes the pressure difference across 


a suction vane (which should be equal to the difference across the 
channel), expressed in feet. Regions of local and uniform cavita- 
tion and a qualitative line, to be found by test, dividing the re- 
gions of light and severe reduction of pump performance are in- 
dicated. 

It is now evident that the first two assumptions are not justified 
at all conditions. In a relatively cold liquid that flashes locally, 
temperature differences must exist between the liquid in high- 
pressure zones and the liquid-vapor mixture in the low-pressure 
zone. The second assumption may be justified only at relatively 
high pressures, while the alternative assumption is not justified at 
all. The third assumption is justified if the flow conditions are 
the same. If “limiting’’ is taken to mean the minimum NPSH 
required to suppress cavitation entirely, this would be true as 
the velocity and pressure distribution would not have been dis- 
turbed by cavitation. However, the same NPSH is required for 
all fluids if cavitation is to be suppressed entirely. The new con- 
cept in cavitation as first brought out by Stahl and Stepanoff is 
limited or “harmless’’ cavitation, and not lack of cavitation in 
Cold-water NPSH at cavitation 
inception is a good approximation for limiting or minimum non- 
cavitating NPSH. 
cold water, as evidenced by the steep breakoff curve on Fig. 8(a 
the difference between minimum noncavitating NPSH and NPSH 
at the first measurable sign of cavitation is small, and assumption 
(3) is justified. 


liquids other than cold water. 


Since cavitation progresses very quickly in 


With relatively hot liquids, which are assumed 
to cavitate homogeneously, the assumption is also reasonably 
justified, because a small percentage of uniformly distributed 
vapor would not disturb the fow conditions. 

It is now possible to discuss the plot of V’ against vapor pres- 
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Fig. 14 Regions of cavitation modes 


sure in feet, Fig. |. Since the same pump was used for most of 
the testing and a pump with similar suction geometry employed 
for the tests on water above 300 F, the velocity and pressure dis- 


ll fluids 


The vapor pressure, when expressed in feet, is in the proper units 


tribution at the design flow are assumed identical for a 
to be used as a parameter in conjunction with the pressure dis- 
tribution, if various density liquids are to be compared.- Pressure 
differences across the channel and the B or V’ parameter of the 
liquid for a given depression control the mode in which vapor is 
generated, in concentrated cavities” or evenly dis- 
tributed 
developed with an experimentally 


equal to ANPSH This value of V’ 


in the cavitating region that will result in a measurable drop in 


more 
The parameter V’ is a measure of the amount of Vapor 
determined depression, set 
is the percentage of vapor 
performance. It should be correlated with the mode of cavita- 
tion resulting from pump ind fluid characteristics As a first 
approximation, vapor pressure is used to identify the mode. Thus, 
if V’ is plotted against vapor pressure a family of curves for 


various suction geometries and possibly some fluid properties 
should result. 

\ fairly smooth curve is obtained when V’, as based on test re- 
A wide seatter 


of points resulted when NPSH values based on a 3-per-cent-drop 


sults for all fluids, is plotted against vapor pressure 


in head were used. This was due to experimental errors in head 


measurement. Scatter of points based on NPSH at maximum 


capacity is much smaller. The magnitude of V’, see Fig. 1, is in 


both cases surprisingly high at low vapor pressures, and it is dif- 
ficult to believe that the pump would produce 97 per cent of non- 
cavitating head with 70 per cent vapor by volume in the suction 


However, as pointed out previously, cavitation occurs at low 


Vapor pressures only locally and 70-per-cent-vapor content per- 


tains only to the lowest pressure region that does expericnce 


cavitation. In view of dissimilar modes of cavitation and there- 


fore flow conditions, the sumption made by Stahl and Stepanoff, 


that ‘“‘the same value of , B) would mean the same extent of 


cavitation and the same dam ge to performance is question d 


since, although the may be the same in the lowest 


r 


pressure 


region, cavitation may be localized in one case or engulf the entire 
channel in another 

their 
Tendency Quotient 
They assumed that, for all liquids, a pump will handle the same 


A similar assumption was made by Jacobs, et al., in 


theoretical derivation of the Cavitation 


percentage vapor under cavitating conditions and set it equal to 
V’, which is calculated as a result of the dynamic depression. 
However, V’ is the percentage vapor in the lowest pressure re- 


gion, the over-all percentage across a channel is smaller and 
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will vary from liquid to liquid and from temperature to tempera- 
ture if V’ is kept constant. Furthermore, if different modes of 
cavitation exist, the same over-all percentage will not result in 
similar performance. 

It is recognized that vapor pressure alone is not sufficient to 
describe the mode of cavitation. Since test results for one par- 
ticular pump, run at one speed and capacity, were to be correlated, 
only the influence of the fluid properties on the mode need be con- 
sidered. This is best described by the parameter B, calculated 
for a given depression. A depression of 1 ft was chosen, and V’ 
based on experimental NPSH results was plotted against B(1 


Fig. 15 shows that the butane curve moves away from water and 
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Fig. 15 V’ versus B(1) 


toward Freon-11, and that there is a distinct difference between 
water and the other two fluids. The reason for the failure of this 
representation is not known. 

It should be stressed that Reid vapor pressure may be quite 
inadequate for calculating NPSH, as this vapor pressure is meas- 
ured at Since the ex- 
perimental values of V’ denote the per cent vapor in the lowest 
pressure region, the vapor pressure to be used is that correspond- 
ing to V’ if limited cavitation is tolerable. If cavitation is to be 
suppressed entirely, the initial bubble-point pressure, at negligible 
vapor volume, should be used (vapor pressure at B and V’ = 0 on 
Fig. 4). 


a vapor-to-liquid-volume ratio of 4:1. 


According to present test data, vapor percentages of 30 
to 70 per cent are common for limited cavitation. Vapor pres- 
sures should thus be measured under conditions where the vapor- 
volume percentage is the same, between 30 and 70 per cent, which 
corresponds to a vapor-to-liquid volume ratio of 0.4 to 2.3. 
Surface-tension effects, neglected here, should be stronger at 
low temperature and reduce the vapor percentage somewhat. 
Except for very small bubbles, they are small compared to 
thermodynamic effects. Thermodynamic equilibrium is also as- 
sumed in the calculation of V’, with all sensible heat liberated 
by the pressure drop being transferred into latent heat of the 
vapor. Actually, some energy will go into accelerating the fluid, 
and superheated water may exist for a small portion of the time 


of travel through the low-pressure region. Consequently, not all 


the sensible heat is liberated 
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Conclusions 


Test results confirmed previous work in this field; demonstrat 
ing that a pump will perform satisfactorily under cavitating con- 
ditions with less NPSH than required for cold water 


favorable performance during cavitation, as well as reduced noise 


The more 


and vibration, suggest that a different mode of cavitation exists at 
high pressures. 

Practical difficulties in obtaining accurate measurements for 
NPSH calculations at high pressures and temperatures make 
direct measurement desirable. 

Tests on liquid mixtures and liquids containing gas in solution 
must be conducted in a manner approximating application con- 
ditions, losses of light fractions prevented, and a bubble method 
used in obtaining vapor pressure 


Future Investigations 


Certainly more experimental work is necessary to corroborat« 


this correlation. NPSH measurements on ordinary pumps are 


It may be wise, when ex- 
perimental work in this line is contemplated, to test a pump that 
requires N PSH in the order of 100 ft rather than 10 ft 


Other suction geometries should be tested and families of } 


quite difficult at high vapor pressures 


curves obtained. In the analysis, metastable superheated state 
of the liquid should be considered, that is, the possibility of the 
liquid existing as such at pressures below its vapor pressure, r¢ 

sulting from lack of time for nucleation, or creation of 
bubbles, 


ing the nucleation and growth of bubbles such as solid particles 


vapor 
and slow heat transfer. Initial liquid conditions affect 


or gas bubbles should be investigated. The very low V’ values at 
high temperatures for water obtained by the author may be a 
result of sufficient nuclei in the liquid, as flashing was expected al 
ready in the suction pipe during the test runs. Throttling the 
suction line may produce similar effec ts, a8 air or vapor generated 
at the valve may not be quite reabsorbed before entering the in 
peller. 

This investigation did not concern itself with cavitation damage 
under these conditions. Although the test pump was operated 
for hours under cavitating conditions, no damage was found 
This, however, is insufficient evidence, and the cavitation 


question under these conditions must still be answered 
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APPENDIX 


CAVITATING 
HOT NON -CAVITATING 


CAVITATING 
COLD 


Sample Calculations 


ANPSH = NPSH at A NPSH at B 


volume ol vapor 
per lb of fluid 
volume of mixture 


volume ol vapor 
per lb of fluid 
volume of liquid 


for a given ANPSH 


ANPSH x Ah,/Ap 
h 


Example 


Reference fluid (A 
Test fluid (B 
NPSH at (A 
NPSH at (B 
ANPSH 3.7 ft 
he, (at 300 F 
300 F 
300 F 


Vapor pressure ( 


, cold water 
. water at 300 I 
12.3 ft 
S.6 It 


910.1 Btu/lb 
0.01745 ft?/Ib 
6.466 ft8/lb 
at 300 F 


t (a 
v, Cat 


= 67.013 psia 


302 F h (298 F 


302 F Pearl 208 F 
271.66 267.53 
69.046 65.028 


(Poa = saturation pressure ) 


9- 
‘ 


o 


NPSH (in psi) ni 
0.01745 & 144 


1.47 1.03 
910.1 


= ().001665 


0.001665 - 6.466 


= - = 0.504 
0.01745 4 


0.00165 & 6.466 


6.466 
B = 0.001665 X 
0.01745 


= 0.615 
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DISCUSSION 
Lloyd T. Hendrix’ 


The author is to be thanked for doing NPSH test work on fluids 
other than water. The California Natural Gasoline Association 
had a subcommittee which did experimental tests on hydrocar- 
bons. There were about 240 tests covering two pumps and a 
range of materials from kerosene to a butane-propane mixture. 
I had the good fortune to be associated with this work 

In my opinion, for all of the work done on NPSH, the greatest 
problem is in selecting the vapor pressure to be used. For ex- 
ample, water used for the normal approval tests for pumps can 
range from being saturated with air to being completely de- 
aerated. If it is saturated entering the pump suction line, by the 
time it gets to the pump the pressure Is low enough to release two 
to three actual cubie feet of vapor per one hundred cubic feet of 
water. Iven if the water NPSH were always run with deaerated 
water, there would still be the problem of selecting the vapor pres- 
An article I 


discusses this in more detail, but the 


sure for the hydrocarbon mixture. wrote for the 
June, 1958, Petroleum Refine 
point I want to make is that we are asking for trouble by apply ing 
iter NPSH for design work involving 
stem would be to use water NPSH de- 


termined on deaerated water 


correction factors to the w 
hvdrocarbons. Our best s 
is the minimum feet of liquid above 
pump suction, and assume the vapor pressure of the liquid to be 
the pressure above the liquid in the surge vessel if the system 
is above atmosphe ric pressure Otherwise, for atmospheric sVs- 
tems use something similar to the method shown in the Refine 

article. This allows for dissolved air or gas coming out of solution 
and takes advantage of the ict that the pump will handle some 
vapor 


Finally ’ 


He might be interested in work being done by 


I would like to compliment the author on a fine piece of 
Mr Ceorge 


Bosco of Aerojet General on dvnamic bubble point vapor pres- 


work 
sures for various liquids. Results of this work should be com- 


pleted in six to eight months 


Robert B. Jacobs® 


I wish to commend the author for undertaking an investigation 


for the manner in which he has carried 


which was long overdue, 
out his experimental work, and for his insight into the more 
subtle aspects of this probl m I hope that he has the opportunity 
to carry on this work, and to resolve some of the many questions 
which he has raised 

It is rather heartening to note that a correlation based upon 
1 and 2 
iddition to the author’s results, I would 


like to point out that the relative NPSH requirements lor hvdro- 


the naive assumptions made in reterences ean be valid 


for even a few cases; in 


gen and nitrogen in a pump with a specific speed of 1350 were 


accurately predicted by the analysis in reference [2]. However, 
I should hasten to add that accurate prediction of the relative 
NPSH requirements between cold water and the liquefied gases 
was not obtained. I therefore agree with the author that different 
modes of cavitation must be postulated, and that quite different 
phenomena may be dominant for one mode than for another. 

Several questions came to mind regarding the test apparatus 
and procedure. In Fig. 2(a), was the “heating or cooling’ coil 
installed as shown, or was it submerged in the liquid; if it was as 
shown, was it an effective te mperature and /or pressure control? 
It seems that once all the liquid in the standpipe was saturated, 
only pressure control of the vapor space in the standpipe would 
be necessary 


A question regarding the accuracy of the temperature measure- 


2 Chief Engineer, 
Corporation, Bakersfield, Calif 
3 Natural Bureau of Standards, 


Process Natural Gas Division, Richfield Oil 


Boulder, Colo. 
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ments comes to mind when I note that an NPSH accuracy of 
+0.5 ft with butane at 90 F requires a temperature accurate to 
about £0.17 deg F. The question again arises in connection with 
the procedure used for determining that the temperature did not 
change in the suction line for the high temperature water test; 
to detect a 0.5-[t change in NPSH with water at 400 F requires a 
temperature measurement that will detect a change of 0.06 deg 
F. Was it ascertained that the liquid leaving the standpipe 
actually had the same vapor pressure as that at the liquid vapor 
The 
vapor pressure of the fluid leaving the tank in Fig. 7(b) can be ap- 
preciably greater than that at the liquid surface because of local 
boiling along the steam coil 


interface (in the high-temperature water experiments)? 


I hope that the author will not forsake the use of the vapor bulb 
method for measuring NPSH, for those cases where it is desirable, 
He has probably 
thought of the two most likely causes for the difficulties which he 
experienced 


because of the difficulties which he encountered. 


The heat conduction through the pressure lines 
could be effectively eliminated by tempering these lines, either by 
running them along the pipe before bringing them out through 
the insulation or by having a longer tubing length inside of the 
pipe. The effect of the bulb on the flow can, of course, be reduced 
by decreasing the size of the bulb; the bulb which the author 
used seems rather large, but perhaps the displacement in his 
manometer system required this size. As the bulb must only be 
large enough to assure that the liquid-vapor interlace remains In 
the bulb, the bulb size ean be minimized by using a differential 
indicator that 


Another 


the bulb is above 


pressure requires & minimum volume displace- 


ment ilternative, which involves other problems when 


itmospheric temperature, is to measure the 
vapor pressure through a tap which communicates with the vapor 
space 

The author’s discussion is most provocative and interesting 
In his discussion of the issumptions employed in the calculation 


of the amount of v ipor formed, he does not comment on the 
assumption of stable equilibrium 
This be one of the least tenable 


in view of the short times that it mav take for fluid particles to 


ilthough he mentions it in a 


later section issumption may 


traverse low-pressure regions, and of the many factors which can 
effect the nucleation and growth of vapor regions 

Perhaps when the author Spe aks of a fluid at high temperature 
ind pressure tending to cavitate more uniformly, he has water 
in mind and therefore may be justified in using these properties 
When discussing fluids in general, however, it may be more mean- 
ingful to refer to those combinations of properties which influence 
the volume of v ypor that will be formed 
124 F is not 
ippare ntly cavitates like hot 
when the vuthor 


For example, hydrogen 


it | itmosphere and at high pressure and tem 


perature, but water. This same 
limitation ipplies mentions surlace-tension 


effects 
There is a q 


suppressing iVitation 


iestion in my mind concerning what is meant b 


entirely and therefore concerning the 
statement that the same NPSH is required for all fluids to sup- 
] 


press Cay itation entirely ime for nucleation 


I visualize that the 
in one fluid may be so long that it will pass through a low-pressure 
region with no v ipor tormation, while for another fluid v ipor 
may form. If cavitation is considered to be entirely suppressed 
then the statement concerning the same NPSH 


requirements for all fluids may not be 


in the first case 
true In this connection, 
I would like to know what influence the author thinks the presence 
I think that the 
author’s suggestion of investigations into the existence of meta- 


of gas may have had on his cold water tests 
stable states, factors effecting nucleation and bubble growth, and 
the influence of heat conduction will assist in resolving many of 
the fundamental problems in this area 

I realize that in many complex situations we try solutions which 
our intuitions suggest and then, if the results are satisfactory, we 
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try to find a justification for our actions. Is this the case for the 
correlation attempted in Fig. 15, or does the author have reason 
to think that this correlation should be successful? 

I would again like to commend the author for making a sig 


nificant contribution in a very difficult area 


igor J. Karassik* 


The research studies carried out by the author and the report 
that he has presented fill an important blank space in our knowl 
edge of centrifugal-pump operation under what might be termed 
marginal suction conditions both 


to him 


For this valuable contribution 
designers and users of pumps should be truly grateful 
Because of my long term association with problems dealing 


with pumping water at high temperatures, I shall limit my re 
marks to that portion of the paper which deals with the effect of 
temperature on the NPSH requirements when handling wate 
In the past, there had been some scattered evidence indicating 
that the required NPSH of centrifugal pumps was appreciabl) 
\ few 


were reported here and there to illustrate this contention 


reduced as water te mperature increased individual tests 
At the 
same time, there pe rsisted considerable scepticism directed at this 
But [ submit that the that NPSH is re 


duced with temperature—as it is so aptly proved in this 


claim essential theory 


report 
ean be readily supported by a strictly logical demonstration 


In this particular case, we need merely to consider the effe 
temperature on the performance of centrifugal pumpe 

it a given speed and supplied with a fixed NPSH 
70 I 


temperature for water 


vhe 
a) cold water at and (b) hot water 


It is obvious that in the case of cold water a 
the head- ipacity curve will occur at some ¢ apreae 
by the geometry of the impeller and by the speed 
pump is operating as indicated in Fig. 16 

When it comes to handling water at 705.4 F, that 
temperature at which no evaporation takes place 


pressure is maintained at 3206.2 psia), the volume 
water is the same as that occupied by steam Under 


NPSH « 


inble effect on the pe riormanct characteristics of t 


ditions, a slight reduction in the available 


ipprec 
when ¢ xpressed as he id in foot-po inds per pound 
volume) since no true cavitation can take place 

is predicated on the fact that a change from water t« 
without either flui 


i change in volume ort pled by 


vords, the head-capacity curve of a pump handling 704 


theoretically required NPSH 


with cold water and 


with less than the 

the head- ipacity curve 

shown in Fig. 16 
Having established the two limits 


ol pertorman 


‘Consulting Engineer 


sion, Worthington ¢ 


Manager of Plar 


H-Q CURVE WITH HIGH NPSH 
OR WHEN HANDLING 705.4 F 
WATER WITH Low NPSH 


RANGE OF BREAKS 
AT TEMPERATURES 
BETWEEN 70 AND 


PUMP CAPACITY 


Fig. 16 Effect of temperature on maximum capacity at fixed pump 
speed and with fixed NPSH 
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at 70 F and at 705.4 F, I submit that the relationship between the 
location of the break and the pumping temperature is a continuous 
function. Therefore, all breaks at temperatures between these two 
extreme temperatures must take place between the two limits of 
capacity indicated. 

This would indicate that the practice of establishing the re- 
quired NPSH without regard to the operating temperature has 
been conservative and I am convinced that the 
thermodynamic analysis presented here can yield a workable 
mathematical method to predict the required NPSH with relation 
to temperature 


unrealistic. 


A word of caution is necessary at this point. It would be highly 
unwise to rush headlong to the conclusion that the values of 
recommended NPSH for boiler feed pumps should immediately 
be drastically reduced. We must remember that boiler feed 
pumps are frequently required to operate over wide ranges of 
temperature and that a given installation cannot very well take 
advantage of a permissible reduction in NPSH requirements at 
the top operating temperature if operation at lower temperatures 
will wipe out any assistance gained by the effect we have de- 
scribed. The effect is very useful in affording us some measure of 
additional protection during the transient conditions which pre- 
vail with regard to suction phenomena when severe load reduction 
occurs in a steam power plant. Let us preserve this protection 
and not give in to the temptation to cut corners. 

On the other hand, the author’s analysis should be of extreme 
interest to us with reference to the application of boiler circulat- 
ing or of reactor cooling pumps. If we were to express the facts 
indicated in Fig. 16 in a different manner, we can say that until 
now a curve of permissible operating speeds plotted against 
available NPSH for a fixed capacity represented a single curve as 
17, labeled “‘A."’ In the light of the facts as we 
now understand them, this curve can be replaced by a family of 


shown in Fig 


curves arranged in such a way that an increase in operating tem- 
perature results in some increase in the permissible operating 
speed of the pump, until such time as at 705.4 F, the NPSH plays 
no further part in determining the maximum permissible operat- 
ing speed 
WD? 


This is indicated in Fig. 17 by curves “B,”’ “C,’’ and 


curve'C" 
(at 400 F) 


cuRvE"B” 
gsi at 250 F) 
__— curve "A" 


(at TOF.) 


CuRVE"D" 
[iat 705.4 F) 


MAXIMUM PERMISSIBLE SPEED IN RPM 


NPSH AVAILABLE 


Fig. 17 Maximum permissible speed versus NPSH for a given pump 
and a given capacity at various water temperatures 


It would therefore appear that some tendency may have ex- 
isted in the past to be overly timid and conservative in selecting 
operating speeds for boiler circulating pumps. Because they and 
reactor circulating pumps normally operate at temperatures from 
550 to 650 F, it should be obvious that higher operating speeds are 
permissible-—or, in turn, lower NPSH values are required for a 
given speed 

It is true that provision must be made to meet conditions of 
operation when the temperature is lower than normal rated tem- 
perature, This will occur during start-up or during emergencies. 
But we can deal very effectively with this problem by virtue of the 


176 / sune 


1959 


fact that this type of installation favors the use of two-speed 
motors for reasons other than When 
operating at lower speed and, of course, at reduced capacities, the 
required NPSH is also much reduced. Therefore, if an installa- 
tion takes advantage of the beneficial effect of temperature on 
NPSH, it can be protected against the loss of this effect at lower 
temperatures merely by shifting operating speeds. 

For instance, if an installation of nuclear reactor circulating 
pumps is designed to handle 600 F water, it can be provided with 
an automatic protective control in the form of a thermostatic 
switch. Assuming that the available NPSH would make the 
operation unsafe at temperatures under 450 F, this switch would 
automatically transfer operation to the lower of the two motor 
speeds whenever the temperature fell to 450 F. This lower speed 
operation would then continue until either manual resetting or 
restoration of temperature would permit a switch-over back to 
the higher speed. 


NPSH considerations. 


Alfred H. Nissan® 


This paper is a welcome addition to the literature on cavitation; 
it adds weight to the two probably most significant conclusions 
which are emerging from the considerable research on the subject. 
The first is that it is probably incorrect to speak of cavitation as 
a single phenomenon: There are at least two modes and there 
may be more. The second is that there is a great deal of work to 
be done both on the physics as well as on the engineering aspects 
of the phenomena which collectively contribute to and constitute 
the complex events of “‘cavitation.’’ 

Since Rayleigh first analyzed the behavior of liquids under 
cavitating conditions in 1917, he and all subsequent workers have 
repeatedly shown evidences that there were unknown though 
Thus 30 years later, 
Wislicenus® in his authoritative book on “Fluid Mechanics of 
Turbomachinery”’ had this to say: 


very significant factors coming into play. 


possible to make some qualitative predictions regarding the in- 
fluence of viscosity on other hydraulic characteristics, particu- 
larly the power and efficiency of the machine, no general informa- 
tion is available to indicate even the direction in which an increase in 
viscosity will influence the cavitation characteristics of the 
machine”’ (my italics). 
still true today. 


This statement is, as far as I am aware, 
As late as 1957, Robertson, et al.,7 showed that 
the scaling laws in cavitation for streamlined bodies were dif- 
ferent from those for bluff objects and that even for the same 
objects there were different inception indexes. And now the 
author contributes further evidence that the same pump will 
behave differently with the same liquid at one temperature from 
its behavior at another. A clue to one of these missing factors, 
other than the unknown influence of viscosity, may be in Lyengar 
and Richardson’s work® on the presence and size distribution of 
air nuclei in liquids. By means of absorption spectra of sound 
waves ranging in frequency from about 150 to 1000 ke/see in 
liquids under different conditions, these authors conclude that air 
bubbles ranging in diameter from a few up to about 40 microns 
control the kind of cavitation which is most generally observed, 
i.e., in cold water under ordinary conditions. In hydrocarbons 
or in water under high pressures, these nuclei disappear and a dif- 
harder to the ear in its sound 
effects, and demanding a higher threshold before it manifests 
itself. I would ask the 


ferent mode of cavitation arises 


author whether he investigated the 
5 Research Professor, School of Engineering, Rensselaer Polytechnic 
Institute, Troy, N. Y. 
6G. F. Wislicenus, ‘Fluid Mechanics of Turbomachinery,’’ McGraw- 
Hill Book Company, New York, N. Y., 1947. 
7J. M. Robertson, J. H. McGinley, and J. W. Holl, La Houille 
Blanche, No. 4, 1957, p. 550. 
§K.S8. Iyengar and E. O 
Physics. vol. 9, 1958, p. 154; 


Richardson, British Journal of Applied 
Nature, vol. 181, 1958, p. 1328. 
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possibility that air nuclei contributed to the divergence in be- 


havior of the pump which he observed when water under high 
temperatures—and pressures—and organic liquids were com- 
pared with cold water or, alternatively, whether the liquids were 
freed entirely from air. My second question is whether the 
author could see direct evidences in the pump 
dition of the impeller 


depicted in Fig. 13. 


such as the con- 
to support the two modes of cavitation 


I think there can be no dissent from the author's conclusion that 
a great deal more fundamental work should be done on cavitation 
phenomena 


Frank C. Stanek’ 


The author deserves a vote of thanks for some interesting ex- 
tensions to the prediction of cavitation performance when pump- 
ing unusual liquids. 

For the most part, his data suggest NPSH values (for the NV, = 
1200 impeller on hydrocarbons) which seem consistent with the 
experience of this discusser. Persons who intend to build on his 
test results should be cautioned to observe the condition of gas 
(air)-free liquid in the reservoir since it is easily possible to pre- 
cipitate complete pumping failure with hydrocarbons at rela- 
tively high NPSH through unusual inlet line losses which can re- 
lease significant volumes of dissolved or entrained air. Aircraft 
fuel pump designers are acutely aware of this peculiarity and 
have learned to avoid it or otherwise cope with it. The un- 
initiated should become familiar with SAE ARP-492 and its 
appropriate reference, the 1946 CRC Handbook, in order to 
appreciate the seriousness of this problem lest they be lulled into a 
false sense of security by seemingly adequate NPSH. 

This discusser suggests that physical factors and thermody- 
namie properties other than those mentioned by Salemann, 
Stahl and Stepanoff may enter into the variations observed be- 
tween the NPSH requirements for water, hydrocarbons, ete., at 
varying temperature: 


(a) What 
Should not its magnitude affect cavitation performance? Isn't 


it logical that a given pump should perform less effectively for a 
given B value as pressure ratio increases? 


about pressure ratio across a cavitating pump? 


Evidence indicates 
that cavitation performance depreciates with decreasing inlet 
pressure, 

(b) Certainly the shape of the saturated liquid and saturated 
vapor line on the Mollier diagram will determine the likelihood of 
recompressing vapors back into liquid phase. If the arrange- 
ment of these lines differs radically from one liquid to another, it 
is conceivable that the energy losses in a cavitating impeller may 
preclude the possibility of such recompression with a particular 
fluid. There is already some evidence of this with certain hydro- 
carbon fuels. Ii vapors can’t be recompressed into liquid with 
restoration of local static pressure, the density effect of the mix- 
ture which is being handled by the impeller could account for 
some of the variations observed 


While points (a) and (6) do not constitute a constructive review 
of this paper, they may point the direction for additional research 
effort as well as to suggest why perfee t correlations have vet to be 
obtained in cavitation tests 


A. M. Whistler’ 


The first point we should stress is that the NPSH figure we 
obtain trom pump manufacturers is really no more than a number 
This number is obtained by pumping water while throttling the 
suction To this is added 
the kinetic energy of the water. A figure for vapor pressure is 


Pressure at the pump nozzle is noted. 


* Thompson-Ramo-Wooldridge, Cleveland, Ohio. 
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taken from the steam tables and subtracted 
The remainder is called NPSH. No one knows just what 
figure would be correct for vapor pressure, 


from this sum 
The water used in 
the customary test certainly contains air. Even if vacuum is ap- 
plied the air is not entirely removed. It has to be boiled out. 
Even heating to boiling point doesn’t remove all of it. 

Hydrocarbons dissolve much more air than water does. Fig. 4 
The 
bubble-point vapor pressure is some 8 times what it would be for 
pure kerosene. The routine test for vapor pressure of petroleum 
products is the REID method. Due to inherent characteristics 
of this method, it does not show the effect of air, and in most 
cases it will not detect other dissolved gases. The REID number 
is normally just slightly less than the true vapor pressure in an 
uncontaminated condition. 


of the subject paper shows vapor pressure for kerosene 


In the second paragraph of the paper, it is stated: “It has been 
known for some time that pumps operating on hydrocarbons can 
perform satisfactorily when supplied with less NPSH than the 
minimum required for cold water.”’ 

I believed this up to two years ago. Since that time I have in- 
quired diligently as to the experiences of engineers in the oil in- 
dustry. I have not found even one who has had any experience 
to back up this belief. 

I know that several pump companies for a long time have 
shown NPSH curves for oil that are 


substantially lower than 


those for water. There is no differentiation as to pressure, ete 
This method cannot be right 

On the other hand the Hydraulic Institute has a chart with a 
It looks much better. But did it come 
or agroup? And what was the background for 
No data points are shown 


series of pressure lines 
from one man? 
the chart? So far the answers of 
the foregoing questions are not available 

There have been several cases where oils have required much 
NPSH than water 


pumps unloading gasoline from tankers 


more “apparent”’ The first record was on 
It was found that the 

true vapor pressure was 14 psia + as against some 7 or 8 obtained 

by the REID method. It is almost certain that dissolved air 

was the trouble. 

Tests on true 


vapor pressure were made by Aerojet on normal fuel and on a 


The next case reported was pumping jet fuel 
deaerated sample. The normal sample showed a bubble point 
of about 14 psia while the deaerated sample showed some 4 psia 
The difference of 10 psia adds 28 feet to the apparent NPSH if 
iir were not allowed for 
was C.N.G.A 
NPSH was about 
vater at the factory 


Another case tests on absorption oil Th 


ipparent three times that obtained on hot 
True vapor pressure was not obtained 
But the oil was exposed to air 

The foregoing discussion was for purpose of showing that our 
base line NPSH curves are probably not absolute 

This observation, however, throws no light upon the subject o 
NPSH variation with liquids of different types. 
ful to work out a formula for the adiabatic vaporization of a liquid 


The formula is 


as ~ (4) (2=B) (20) (0+ a5) 


where Ah 


It might be help 


as its pressure energy is converted to kinetic 


suppression in pressure below initial bubble poi 
in ft ol liquid 

slope of initial vaporization deg F/wt per cel 
vapor. For example, a mixture might start t 
vaporize at 100 F and be complete! 
at 200 | Then F 
For pure components F ) 

latent heat Btu/Ib 


specific heat of liquid 


Dorize 
Vaporiz 


(200 100/100 10 
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Normal butane; pressure suppressicn in adiabatic vaporization 











wctual cu ft of vapor formed per 100 cu ft of liquid 
slope of vapor pressure curve Ib/sq in/deg F taken 


it point of operation 
p density of v por Ib/eu ft 
p density of liquid Ib/ecu ft 


The 
made are (1) linear vapor pressure curve for the interval involved; 


(2) latent heat all comes from sensible heat of liquid; (3 


Space is not available to show the derivation assumptions 
constant 
densities, latent heats, and sensible heats, through the interval. 


For any temperature point the formula boils down to: 
Ah a multiplier X V 


Chart I shows the multiplier lor pure normal butane plotted 


against temperature Chart IT is the plot for water To compare 
the two we might list computations assuming different amounts of 


vapor formed 


Ah it 
Vapor, cu ft 


suppression 
100 cu ft liquid 


Temp < oO OO 


Normal butane 35 5 14 1.71 
DD ‘ 2.04 3.06 
O5 & 45 
Butane with 3° 
wt propane 
use butane 
with F = 0.5 0.066 : 1.08 
0.120 y 3.600 
0.340 ) 10.15 
Water 0 OOOOI6 0 0.00048 
0.4305 0.8 io 
0 147 2 1.4 
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°F 


Pure water; pressure suppression in adiabatic vaporization 


250 300 


Chart I! 
In comparing this with Table 1, let us look at water first. Ti 
get suppressions like Table 1 
100 ecu ft of liquid 


without a lot more data 


we would need to v iporize 70 to OO 


eu it inswer like this is not Lecept tlle 


Another point can be nailed to the wall If we look at Fig. S(a 


for 72-F water we see that the head curve dropped regularity trom 


160 to 200 gpm before it became vertical. From our computa 

tions we can see that from a practic il st indpoint no suppressor 

taken for water at 72 F Therefore the only 
=9-] 

‘2 


seen the same can be 


it all can be 


Cone 


clusion we can come to is that the water contained ait 


From other similar tests we have sald for 


kerosene gasoline, ind probably lor benzene 

It is hot quite clear just what the test procedure Wis At the 
top of page 169 it says that the setup permitted testing by (1) sue- 
tion line throttling, (2) varying pressure above the liquid, and 


mpera 


(3) varving the level But the next sentence states that, 


NPSH could therefore be comp ited from pressure and te 


ture measurements at the suction flange . 
It is also stated that for most liquids vapor pressure Was main- 


tained above the liquid level Sut this could not be done for (1 
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cold water, (2) gasoline at 70 F, (3) kerosene at 70 F unless a 
maintained. And vacuum is not mentioned. 

The results on butane check each other fairly well if we assume 
about 80 to 90 cu ft vaporized/100 cu ft of liquid. The F of 0.5 
is assumed for the butane with propane. It might be a good 
guess. 

When tests are made by throttled suction, the NPSH must be 
computed using a vapor-pressure figure obtained from reading 
the temperature in the suction line. 


vacuum were 


This introduces three possi- 
ble sources of error (1) the temperature, (2) the true vapor pres- 
sure, and (3) pressure. Temperature and pressure readings be- 
come more and more important as pressures go up 
following: 


Compare the 


_ psi ft liq 

Material deg F psia deg F deg F 
n-Butane 35 16.0 0.32 1.23 

55 0 0.50 1.97 

90 5 0.65 : 
Propane 35 : 2 

55 .60 

90 2.30 
H,0 72 0129 

250 515 

300 7 99 


One of the toughest problems is the true vapor pressure of a 
material Also 
the method of computing vapor pressure from analyses is not ac 
curate enough for NPSH testing 
not accurate 


None of the commercial hydrocarbons are pure 


And methods of analysis ars 
enough either 


Summary 


The following comments might be made: 


1 This paper is an important step in progress toward better 
engineering 
2 It shows a definite indication that where NPSH tests are 
made on cold water 
a Hydrocarbons exposed to air require as much or mort 
than indicated by cold-water testing 
b) For hydrocarbons under their own pressure the cold 
water NPSH contains a factor of safety. 
3 It provides strong evidence NPSH requirements go down 
goes up 
4 It may predict that 
stant. 


pressure 
the allowable vaporization is not con 
5 We should go slow on hard and fast generalization 

6 The actual suppression head below bubble point may not be 
nearly as great as indicated 
7 Future tests should be made by 


throttled suction 


varving head with un- 


Author's Closure 
I believe that Mr 
solved gases on the performance of a pump. 


effect of dis 
I agree that they 
definitely affect pump performance in the cavitating region, and 


Hendrix overestimates the 


if the amount released in the suction pipe is 2 or 3 per cent, it 
would, of course, cause a premature lowering of performances 
But I do not believe that dissolved gas alone would cause an es 
sentially vertical head breakdown line as on Fig. 8(a), where at 
315 gpm a drop of NPSH from 14 ft to 13 ft causes the head to 
drop abruptly from 97 per cent of its noncavitating value and 
prevents any increase in flow. 

From Fig. 1 of Mr. Hendrix’s article in the Petroleum Refine 
we see that this change in NPSH would increase the “vapor 


(actually air-vapor mixture) volume from 4 to 4.7 per cent 
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I further propose that generally a far smaller percentage of 
dissolved gas comes out of solution than indicated by Fig. | 
in Mr. Hendrix’s article or that water cannot as a rule be assumed 
to be saturated with air even when it is exposed to the atmos- 
phere. I shall corroborate this with my experience with pumps 
handling entrained air. Generally, a 3 per cent mixture (by vol 
ume at suction pressure) is sufficient to cause a noticeable drop 
of head of about 3 per cent or more. If we take the NPSH re- 
quirement for a 3 per cent drop at 200 gpm from Fig. 8(a), a 
mixture of 6.5 per cent by volume is obtained from Mr. Hen- 
drix’s chart. That percentage of gas would, in the experience of 
the author, cause much more than a 3 per cent drop in head 
Furthermore, at 160 gpm no change in head is measured with al- 
most the same percentage of gas indicated 

The author is surprised to read Mr. Hendrix’s proposal that on 
should assume “the vapor pressure of the liquid to be the pres 
sure above the liquid in the surge vessel if the system is abov: 
atmospheric pressure.” Since there is no problem about pur 
liquids, the sentence must apply to solutions and mixtures. Mr 
Hendrix himself correctly states that the Reid equipment ts not 


to be used. Now, if the surge vessel is '/; full, its pressure would 
be the corrected Reid pressure 
Actuall 


there were he ating and cooling coils at both ends of the standpips 


First, I shall answer Mr. Jacobs’ questions in order 


but none was used while data were taken father, the tempera 
ture was allowed to rise or drop several degrees and was thet 
restored while conditions were changed for the next point 


coil was placed into the vapor space w ith the discharge flow « 


especially for the 


eading over it to obtain better heat transfer 
cooling phase 

Mr. Jacobs is correct in questioning the accuracy of the tem 
Precisely due to this difficulty 
the bulb method of NPSH measurements was attempted. Th« 
accuracy of +5 ft was not intended to include the 400 F tests and 
a special note should have been placed on Table 1 


perature measurements at 400 F 


With thermocouples wired with opposing emf, an accuracy of 
An estimate of the heat 
from the suction pipe resulted in a te mperature drop of 0.20 de xu | 
Therefore, the 
deg point is in the order of 2 feet 


losses 


0.25 deg F could be obtained 


between tank and impeller accuracy of the 410 


The author's method is not valid when the “threshold depre 
sion” required for the inception of cavitation is greater than the 
ce pression ¢ ileulated for a small pe rformance drop due to cavita 
tion under equilibrium conditions. In this paper cavitation 
considered to be entirely suppressed onlv when the stati pre 
sure of the liquid is above its vapor pressure 
The effect of the presence of air in cold water tests is diseu 
t length in the reply to Mr. Hendrix and Mr. Whistler 
Concerning the attempted corre lation of BU Ve’, the 


but perhaps not clear enoug! 


against 


reasoning behind it was given 
The parameter Bil), or VO 


volume of vapor developed by a depression of 1 foot. 


for that matter, is a measure of the 
Follow 
Dr. Stepanoff, a very large B for a given depression would indix 
that such a ce pression is not reasonably possible The author 
exist, the mode of « 
tation must be fluid i 
fected. If a near homogeneous mixture of liquid and vapor r 
sults in the pump, the value of B(I 
large the 


thinking is that, if such a depression does 


such that only a small fraction of the 


should be small, since if it 
Therefore 


calculated with an « xperime ntally me 


perlormance drop would be large 


iuthor «¢ <pected that V 

ired depression would corre late against B(1), as it should « 

late against a parameter which expresses the mode of cavitation 
Mr. Karassik does not pose any direct question pertaining to 

this paper The author is in agreement with his theoreti 

proof that at the critical temperature no measurable periormanes 

change should result from a small pressure drop below 3206.2 psia 


On the subject of air again, in answer to Mr. Nissan, the author 
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must add that the cold water tests were run with an ejector creat- 
ing a vacuum above the water level within 3 in. Hg of vapor pres- 
sure. In addition, tests were run at slightly above 212 deg F, 
with constant bleed of steam from the standpipe, and no signifi- 
cant difference was observed between results obtained at 72 and 
212 deg F 

No evidence of erosion was found on the impeller. No support 
for the author’s two modes of cavitation can be drawn from the 
condition of the impeller 

The author would like to add that noise generated by cavitation 
hecame “softer’’ at high temperatures on water, and was some- 
times overshadowed by motor noise when pumping very hot water 
ind hydrocarbons. Although a deficiency of air in cold water 
causes a “harder” crackling noise, probably due to the lack of 
cushioning air in the collapsing vapor bubbles, the higher density 
of water vapor at 400 deg is probably sufficient to cushion the 
collapse 

The author agrees with Mr. Stanek that pump geometry and 
operating conditions will influence cavitating performance, just 
as they influence cavitation inception 

Pressure ratio across a given pump should certainly affect cavi- 
tating performance. The direction, however, would depend on 
manner of changing the pressure ratio. Obviously, reducing the 
suction pressure will reduce the performance. Increasing the 
discharge pressure by decreasing flow did not seem to have much 
effect. Changing speed at constant specific speed should produce 
an improvement at higher speeds as the cavitating flow should be- 
come more and more localized, since all internal pressure differ- 
ences rise with the square of speed, while B for a given pressure 
difference 


Mr. Whistler's discussion is based on a number of general state- 


is constant 


ments which may be true in the majority of cases, but are not al- 
First is the statement that NPSH is obtained by the 
manufacturer running suction throttling tests on cold, air-satu- 
rated 


ways true 
water, The author’s employer, for example, tests many 
pumps on vacuum tanks and at 212 deg F and higher tempera- 
tures 

The author's statement pertaining to prior knowledge on opera- 
tion of pumps on hydrocarbons is based on the text accompanying 
the NPSH correction chart for hydrocarbons published by the 
Hydraulic Institute. The chart 
based on field data. 


according to the Institute, is 


Mr. Whistler states several examples where hydrocarbons re- 
quire more “‘apparent’’ NPSH than water. But he explains this 
himself as a matter of vapor pressure measurement, and not ther- 
modynamic effects. Immediately following is the statement that 
There 
does not seem to be any but a trivial connection between the state- 
ments 


“our base line NPSH curves are probably not absolute.” 


Obviously, data that is known to be incorrect cannot be 
used for a ‘base line.”’ 

Mr. Whistler is the only one to take ¢ xception specifically to the 
author's contention that very high vapor to liquid ratios may 
exist in the pump. Perhaps he did not realize that the ratio of 70 
to W ft® of vapor per 100 ft 


uniformly throughout the cross section of the pump suction, but 


of liquid does not necessarily exist 


rather, only where cavitation exists, usually localized around the 
low pressure point of the impeller vanes, as shown in Fig. 13(a), 
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in which the region was greatly enlarged for clarity. Even with 
such a large vapor percentage in a small region, the over-all per- 
centage may stay reasonable 

The author doubts very much that a gradual breakoff of a cavi- 
tating performance curve permits the conclusion that either ther- 
The gradual breakoff 
may also be the result of a gradual growth of the vapor region and 


modynamic suppression or air is present. 


subsequent deterioration of the flow conditions through the im- 
peller. Only if under other conditions the curve becomes more 
abrupt, one should suspect that air or thermodynamics caused a 
more gradual breakdown in previous case. 

It is evident from the numerous questions on test procedure 
that the author should have described it in detail. Tests on cold 
water were performed both by throttling and by applying vacuum 
to the suction tank, reducing the pressure to within 3.5 in. Hg abs 
For hot water, vapor pressure was maintained above the liquid 
level by constant bleeding of vapor and by shutting off the heat- 
ing or cooling while data were taken. Tests on kerosene were per- 
formed in the same manner. To avoid distillation and loss of ma- 


terial when testing other liquids the following procedure was used: 


1 The system was completely filled from the storage tank and 
drained at high points to wash out most of the air. 

2 With the main pump running, the system was brought above 
storage tank temperature \ small amount of liquid was then 
drained back to the storage tank and a vent opened at the top of 
the “standpipe’’ connected to the gas space of the storage tank 
The pump was operated for an hour or more to drive off entrained 
and dissolved air. 

3 All connections to the storage tank were closed and the sys- 
tem brought to the desired temperature. Barring air leakage 
into the system from the atmosphere, vapor pressure should exist 
in the vapor space even when the vapor pressure was below at- 


mospheric pressure. 


The author recognizes the difficulties in instrumentation and 
has avoided the throttling procedure and used special vapor-pres- 
sure instrumentation in attempts to overcome these difficulties. 
The work was concentrated about pure substances whose vapor 
pressures are known and easily measured. The butane used, for 
instance, was 99.5 per cent pure with the greatest part of the re- 
maining 0.5 per cent made up of heavier hydrocarbons. 

For field testing of mixtures whose composition and vapor pres- 
sure vary and are not known, the most promising method is the 
use of combination of bubble-point-pressure measuring apparatus 
and « vapor-pressure bulb as described here and by Mr. R. B. 
Jacobs.!! It should be made visible from the outside to insure 
that there is no cavitation on the bulb, no gas already entrained 
passing the bulb, and to be able to observe the appearance of a 
vapor bubble in the bulb. Provision for evacuating the appara- 
tus and filling with the fluid tested should be made. 

In closing, the author would like to explain the meaning of the 
note “maximum capacity” The curves so des- 
ignated indicate the NPSH at which the head breakdown curve 
approaches a vertical line 


on Figs. 8 and 9. 


This question has arisen at the pres- 
entation and was not repeated in the submitted discussions. 


it R. B. Jacobs, K. B. Martin, and R. J. Hardy, *‘Direct Measure- 
ment of Net Positive Suction Head,” published in this issue, p. 147 
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The Unsteady Wake Interaction in 
HSUAN YEH? # Turhomachinery and Its Effect on 


Professor of Mechanical 
Engineering, University of 


7 . 1 
Pennsylvania, Philadelphia, Pa. Cavitation 
Mem. ASME. 


J. J. EISENHUTH This paper attempts first to predict theoretically the influence on the nonsteady pressure 

é perturbations on a blade row as a result of periodic wakes shed from an upstream blade 

ate Ca Se row, and then to compare such theoretical predictions with a series of carefully con 
Pennsylvania State University, ducted cavitation experiments at the Garfield Thomas Water Tunnel of the Ordnance 
University Park, Pa. Research Laboratory. The resulis indicate that the experimental values of pressure 
perturbations are somewhat lower than theoretically predicted values. The general trend, 


e.g., the influence of wake width and wake spacing, is in substantial agreement between 
theory and experiments. 


I. AN axial-flow turbomachine, the relative motion 


a detailed study of the pressure and velocity perturbations them- 


between stationary and rotating blade rows presents a nonsteady selves. Although such perturbations are undoubtedly significant 


flow problem. As a consequence, each blade experiences pressure in the (refined) flow analysis of all turbomachines, the pressure 
and velocity perturbations which fluctuate with time. Kemp perturbation is especially 
and Sears [1, 2]* investigated the over-all effect of the fluctuating 


lift and induced drag of the blades, whereas Meyer [3] undertook 


important in liquid-handling turbo 
machines owing to the phenomenon of cavitation. Recent in 
terest in turbopumps for liquid-fueled rockets strongly indicates 
a need for renewed research of this phenomenon. In addition to 
! This work was supported by the U. 8. Navy Bureau of Ordnance _turbomachines, the application to propellers is obvious 
under Contract No. NOrd 16597. 
? Consultant to the Ordnance Research Laboratory, The Pennsy|- 
vania State University, University Park, Pa 
* Numbers in brackets designate References at end of paper . 
Contributed by the Fluid Mechanics Subcommittee of the Hy- pare such theoretical predictions with a series of carefully con- 
draulics Division and presented at the Annual Meeting, November ducted cavitation experiments at the Garfield Thomas Water 
30-December 5, 1958, New York, N. Y., of THe AMERICAN Soctery 
oF MECHANICAL ENGINEERS 


This paper attempts (a) to predict theoretically the influence 
on the nonsteady pressure perturbations on a blade row due to 


periodic wakes shed from an upstream blade row and (6) to com- 


Tunnel of the Ordnance Research Laboratory The results in 


; dicate that the experimental values of pressure perturbations ire 
Notre: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those : 
of the Society. Manuscript received at ASME Headquarters, July trend, e.g., the influence of wake width and wake spacing, is in 
31, 1958. Paper No. 58—A-114 substantial agreement between theory 


somewhat lower than theoretically predicted values. The general 


ind experiments 


Nomenclature 


Fourier components of velocity = 2 j 
defect in wakes 
chord ot rotor-blade section 





n yndimensional dist nice r = 
time, ¢ 0 when middle of a z/(e/2) 
wake is a mid-chord Bessel function of second kind, 


nondimensional time, ¢ = of order 0, 1, respectively 
ing edge of strut and leading Vt/(c/2 ( ingle of attack 
velocity perturbation long 


spacing distance between trail- 


edge of rotor at 0.9-radius 
[70s ° I 
section shord : : 
CHOn lefined for periodic 
diameter of rotor tip . 
. velocity defect in wake, in ’ y 
Henkel function of second mnlv)« = 
kind or 0. 1 direction perpendicular to J " os 
ind, I order ; , respec- M A 
Ang ” — = velocity defect in wake in axial sel . 
tively r width of wake, defined b 
‘ dv ‘ j direction . 
rovor advance ratio, . = , , 
V./nD maximum velocity defect in ndimensional wake 
al mn ensiong V , 
Bessel function of first kind, of wake, in direction perpen- \ d 


dicular to V 


, 


e/2 
order 0, 1, respectively lr Xd 
Fr Bec 1 maximum velocity defect ir 
revolutions per second of rotor a ) neipient cavitation index 
instantaneous pressure pertur- Wake ID AXIAL Cire —_ P P.)/"/pV,2 
bation due to traveling wake free-stream relative velocity 
. listance between sukes 
lree-stream static pressure for ipproaching rotor-blade se 
periodic wakes 
incipient cavitation tion 
; (Cy 
vapor pressure of water at tree- , = axial free-stream velocity (i.e - 
stream temperature forward velocity of rotor ondimensional wave 


radius of rotor-blade sectiot distance along chord of rotor for periodic wakes 


nondimensional radius, 7 : blade section, measured from 
r/(D/2 mid-chord 


2r/r’ nondimensior 


nar ve rmtimibys 
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Fig. 1 Airfoil in sinusoidal gust 


Analysis 


Thin Airfoil Under Sinusoidal Gust. Consider a thin, rigid airfoil 
traveling with a horizontal velocity V relative to the surrounding 
air which carries a sinusoidal vertical gust v, Fig. 1. It is assumed 
that v< V.. With the co-ordinate system z-y fixed on the airfoil 
(origin at mid-chord), the gust velocity v hitting the airfoil can 
be expressed by: 


v = newt —2 , (1) 
where 
tm = amplitude of gust velocity 
dimensionless frequency or wave number = (frequency )/ 
(2V/c) = me/r 
dimensionless time = (2V /c)t 
dimensionless distance in chordwise direction = x/(c/2) 
2’ — ¢’ 


It can be noted that all distances have been nondimensionalized 
by ¢/2, 
(e/2)/V. 


i.e., half chord, and the time nondimensionalized by 
The space and time origins are chosen such that z’ = 0 
at mid-chord and t’ = 0 when the maximum value of v is at mid- 
chord. 
Under such a sinusoidal traveling gust, the unsteady pressure 
perturbation on the surface of the airfoil was obtained in 1940 by 
Kiissner [4] as follows:* 


p(6, t’) = "/, pV nei" [}Jolw) + iJi(w)} 


- 6 
T'(w){Jow) — Ji(w)}) tan - 


H,?(w) 4+ 
Hy(w) 4 


1H,(w) 


1H, (w) 


where 


and cos § = zs’ 


It should be mentioned that the foregoing solution is based on 
Physically the 
linearized theory amounts to assuming that the vorticity is car- 
ried by the main flow and not by the induced flow. As a conse- 
quence, the induced flow is a potential, although nonsteady, flow. 

It is easy to show that Kiissner’s 7'(w) is related to Theodor- 
sen’s C(w) of reference [5] by the simple relation 


a linearized theory which is possible if v,,< V. 


T(w = 2C'(w l 
Furthermore, the entire square bracket of Equation (2) can be 
reduced to 2S(w) if we let 


: 9§ , } ‘ 
sw 2/1) [ | Jo(w Y»i(w i 2} J1(w) } (w)} (3 


The function S(w), expressed in « different form, was first used by 
Sears in [9]. The identification of S(w) with the expression in 
Equation (3) was made in reference [10]. The value of S(w) for w 
between 0 and 50 was tabulated in [10, 11], the latter reference 


giving its asymptotic expression for large w: 


] 1 
S(w) > ; a w > 50 (4) 
2(m4w) /* 


‘For the more general case v = v(x)e!’ where o(z) is an arbitrary 
function of z, expressions for p were obtained by Kussner and 
Schwarz in references [6, 7] and by Neumark in reference [8] 
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Fig. 2. Flat-plate airfoil at angle of attack with uniform stream 


Thus Equation (2) becomes 


0 


p(8, t’) = pVinet S(w) tan = 


Since the foregoing solutions are based on a linearized theory, the 
perturbations caused by gusts of different wave numbers can be 
superimposed. Now a periodic gust of arbitrary shape can 
be represented by a Fourier series 


@ 


- > a,e INws 


n=0 

where a, are the amplitudes of the Fourier components and ay 
is the primary wave number 
therefore 


The total pressure perturbation is 


x 


6 
p(6, t’) = pV tan = > a,e'" S(nw 


“n=0 


Concept of “Equivalent Angle of Attack... Consider a thin airfoil 
(idealized to a flat plate) making an angle of attack @ with a uni- 
form, parallel, steady flow of velocity V, Fig. 2. The velocity 


perturbation u on the surface of the airfoil is well known 


ale A 
V sin @ tan 2 


i 


where cos 6 = 2’. 

If the angle of attack is small, sin a ~ a and u< V. The 
Bernoulli equation for steady flows then shows that the pressure 
perturbation on the surface of the airfoil is 


: ; 6 
p = pVu = pV%a tan = 
Comparing Equations (7) and (8), it can be seen that the influence 
on the pressure perturbation on an airfoil due to a periodic travel- 
ing gust of arbitrary shape is equivalent to an angle of attack a 
such that 


a,e'"ot S( NW 


0 


a@ can be called the “equivalent angle of attack.”’ 

It should be pointed out that the concept of an equivalent 
angle of attack is useful and possible only because the chordwise 
distribution of pressure perturbation has the same functional 
form, i.e., tan 9/2, for gusts of all wave numbers and hence also 
for gusts of all shapes. It is, in fact, the same pressure distribu- 
tion that the airfoil experiences in steady flows at a constant 
angle of attack. On the other hand, the absolute level of the pres- 
sure perturbation on the airfoil as a whole under a nonsteady 
gust is dependent both on time ¢’ and on frequency w. Thus the 
equivalent angle of attack also varies with time ¢t’, the primary 
wave number w and the wave form which determines the co- 
efficients a,. 


Fourier Analysis of Wakes. In a turbomachine, the wakes shed 


5 See for example p. 38 of reference [12]. 
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Fig. 3 Periodic wake profile 


from one stator (or rotor) blade row constitute a periodic gust 
passing through its neighboring, downstream rotor (or stator) 
blade row. A Fourier analysis of these periodic wakes can be 
performed easily by assuming the wake velocity profile to be a 
cosine curve. (For experimental evidence of this assumption see 
for example [13] for a single airfoil and [14] for an axial-flow com- 
pressor stage. ) 
In Fig. 3 which represents a periodic wake (velocity-defect) 
profile the following symbols are used: 
maximum velocity defect 
distance between wakes, hence primary wave length 
7/(c/2) = dimensionless primary wave length 
22/7’ = dimensionless primary wave number 
wake width, defined by Equation (10) 
A\/(c/2) = dimensionless wake width 
\ =7'/\’ = wave length to wake-width ratio 
The wake (velocity defect 
functions of abscissa s’: 


profile is described by the following 


+ COS Kus’) 


and 


This pattern repeats itself when s’ increases or decreases by an 


amount 7’. Expressing 1(s’) by a Fourier series 


a,, COS Toys : 
0 


Then, by standard Fourier analysis, one obtains 


a, = v,,/2K 
_ K? 
sin 

rn ( + nk — n) 
Next consider the limiting case as Tr’ —~ « 
single wake of width \’ 


, corresponding to a 
Such a wake is described by 


\ 


e im 4 
5 ™“ 


8 


all other values of s’. 

§ Strictly speaking, such wakes produce not only a periodic vertical 
gust but also a horizontal one, since the wake velocity in general has 
components both parallel and normal to the direction of undisturbed 
relative flow of the downstream blade row. However, within the 
framework of linearized theory the upstream velocity disturbance 
parallel to the main relative flow causes no pressure perturbation on 
the blades and hence can be ignored. 


Journal of Basic Engineering 


The Fourier transform of » can be defined as 
© 


“Ws cos ws'ds 


such that 


« . 
us) = f, a(w) cos ws dw f a(w)e~ ™* dw 15) 
« 


Note that w here is a continuously varying dimensionless wave 
number defined by Equation (14) and is not related in any way 
to wo defined for periodic wakes 
into Equation (14) yields 


v,, y? T 
= Sin 
xr } wv? w?) v 


27/X' is a dimensionless 
At ao = 


Substituting Equation (13) 


where vy = wave number based on 


the wake width. v, Equation (16) becomes 


(17) 


Maximum Values ofp ora. The expressions for p and a, Equa- 
tions (7) and (9), contain the variable ¢’ and hence are functions 
of time. In cavitation research, we are interested only in the 
maximum values of p (or @) since these values are responsible 
for setting off cavitation For a single sinusoidal gust of wave 
length w, the value of p (or @) is proportional to the real part of 
e" S(w); its maximum value would therefore be reached when ¢ 
is such that e S(w) is purely real. This value of t’ will therefore 


depend on w. When the gust consists of a number of waves 
whose wave numbers are multiples of a primary wave number 
Wo, It is not obvious at what ¢’ the real parts of p and @ would reach 
a maximum. The answer presumably would be different for dif 
ferent wo and different wave forms. In general, for an arbitrary 
wake pattern, one would have to try successive values of t’ and 
evaluate Equation (7) or (9). However, if the wake is narrow 
and spac <d far apart, an approximate answer caa be obtained by 
the following considerations: 

Consider a narrow single wake represented by Equations (13 


through (17). The equivalent angle of attack is then analogous 


a « 
| ; 
a(w je’ S(w )\dw 


ry 


to Equation (9 


where a(w) is given by Equations (16) and (17). Since the in 


tegral in Equation (18) cannot be integrated in closed form, » 
consider an approximate expression for the limiting case of a 


narrow wake \’ — 0 and hence v — 


Then a(w v,,/v and 


is a constant 
to 


The integral in Equation (18) is then proportion i] 


1) 


The integral 7(1 Meyer [3]. 7 (t’) has a dis 
continuity at ¢ 1; 1 and for t l 
For l<t , T(t’) is a monotonically decreasing function of 
t’. Physically this means that before the wake hits the airfoil 
the influence of the wake As the center of the wake hits 
As the 


wake pusses the leading edge, its influence decreases monotoni 


was evaluated by 


it is O tor f 


is nil. 


the leading edge of the airfoil, its influence is maximum 


cally but never quite disappears even when the wake is far down 
stream and no longer on the airfoil. 

Based on the foregoing consideration, one may conclude that 
for a narrow wake, the maximum influence of the wake is felt when 
t’ l, corresponding to the instant when the center of the 


wake hits the leading edge. The following calculations on the 
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maximum value of the equivalent angle of attack is therefore 
based on t’ = —1. Although the fact that 7(t’) becomes © at 
t = —1 seems to cast some doubt as to the convergence of the 
calculation, this difficulty occurs only for the limiting case A’ = 0 
but does not exist in actual cases where \’ may be small but still 
nonvanishing.’ 

Calculations. A series of calculations were made for periodic 
wakes represented by Fig. 3 and Equation (10). Three wake 
widths were chosen: \ = 0.057, 0.107, and 0.207. In each 
case the maximum equivalent angle of attack, Q@max, was calcu- 
lated from Equations (9) and (12) using ¢’ = —1 and a number of 
The results are plotted in Fig. 4. 

It can be seen from Fig. 4 that: 


values of 7’. 


1 The pressure perturbation resulting from periodic wakes 
decreases monotonically with increasing wake spacing, at first 
rapidly and then gradually. 
pears to have reached an asymptotic value for rT’ = 27. 


For the cases calculated, Qmax ap- 
Thus 
for wake spacing 7 larger than mc, r has no influence on the pres- 
sure perturbation. (For ordinary turbomachines, however, 7 is 
not quite that large. ) 

2 The pressure perturbation increases as the wake width A 
increases. In particular, the asymptotic values of max for large 
r’ can be plotted against A’; such a plot is presented as the solid 
curve in Fig. 16. Consider the following asymptotic values of 
Qmax At large 7’: 


Omax 


= 0.1872 for A’ = 0.108 


t 
m 


Qmax 


J 


0.1300 for A 0.059 
v 


m 


hus for the same maximum velocity defect 


ases the pressure dis- 


increasing the 
wake width by a factor 2 in this case iners 
turbance by 43.7 per cent 

These theoretical calculations will thecked by experi- 


ments 


Experiments 


Experimental Facilities and Test Setup. The experimental phase of 
this study was conducted at the Gartield Thomas Water Tunnel 
of the Ordnance The large 48-in-diam 


tunnel in which the experiments were conducted is a variable- 


tesearch Laboratory 


speed, variable-pressure water tunnel intended primarily for 
propulsion studies of body-propeller systems. It is a closed-cir- 
cuit, closed-jet water tunnel, in which powered models can be 
ised to drive single or counter-rotating propellers. The tunnel 
is 100 ft long and 32 ft high. The evlindrical test section is 48 
n. diam and 14 ft long. The speed 
tinuously variable up to 48 knots 


n the test section is con- 
The pressure can be reduced to 
ipproximately 3 psia or raised to several atmospheres, giving a 
wide range of operating cavitation Indexes 

The apparatus used in this experiment is shown in Figs. 5 and 6 
The important components of the apparatus include a rotor whose 
blades pass through the wake of a strut which spans the tunnel 
test section. The diagram in Fig. 7 illustrates more clearly the de- 
tails of the setup for typical cross sections of the strut and rotor 
blade 


the strut to the leading edge of a rotor blade 


Spacing distances d, measured from the trailing edge of 
it the 0.9 radius sta- 
This 


variation was achieved by moving the strut axially by means of 


tion of the rotor blade, were varied from 1.25 to 19.25 in 


hub spacers The strut itself has a bieonvex, circular are 
section with a constant maximum thickness of 1.22 in 


stant chord length of 10.3 in 


eross 
and a con- 


Two series of tests were made; 


'Tt can be shown that the integral of (18 
expression (16) for a(w) and making use 
S(w) given by (4 
not inish. 
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is convergent for all ¢’ including ft’ 1 if A’ does 
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Fig. 4 Maximum equivalent angle of attack as influenced by distance 
between wakes 


namely, one with a smooth strut and the other with a roughened 
strut. For the roughened strut, two rows of pins were installed 
near the leading edge in order to increase the size of the wake 
The rotor, two-bladed and 24 in. diam, was designed for an ad- 
vance ratio [J = V,/(nD)] of 1.3. The hub diameter is 8 in. 
The blade-section shapes are NACA 16-series symmetrical air- 
foils with a constant chord length of 4 in. and with thickness 
ratios varying from 0.12 at the hub to 0.06 at the tip 
tion was set at the angle which would align it with the relative 
flow 


Each sec- 
it the design advance ratio. The 0.9 radius section has a 
thickness ratio of 0.087 and was designed to be the critical® sec- 
tion in cavitation at the design advance ratio. Experiments in- 
deed showed that cavitation occurred first at this radius 

The tests a particular 
test section velocity V, and rotor rpm and then varying the test- 


cavitation were run by first setting 
section pressure to determine the point of incipient cavitation 
The procedure followed in determining the pressure of incipient 
cavitation was first to lower the pressure until cavitation was 
present and then to increase the pressure to the point where the 
cavitation disappeared. The pressure at which cavitation dis- 
uppeared was used to calculate the incipient cavitation number 
The cavitation observations were made visually by means of a 
stroboscopic light. 

ularly 


Attention was paid parti 


to the cavitation characteris- 
tics of the 0.9-radius section of the rotor blades and the data pre- 
sented in this paper are for this section. The incipient cavita- 
tion conditions were recorded first with the rotor in the free- 
stream condition (strut removed). The strut was then installed 
ind the same type of measurement was made as the blades passed 
through the wake of the strut 

Wake Survey. Figs. 8 and 9 show typical wake data for the 
smooth and roughened struts, 


these 


respectively. Compared with 
wake curves calculated according to Equation 
10) using the depths and widths of wakes that would make the 
measured data best fit the The data for the 
smooth strut fit the assumed curves quite well. The data for 
ther hand, do not fit the curves very 
well for closer spacing distances 


d ita are 
assumed curves. 
the roughened strut, on the 
At the closer distances the 
measured wakes are generally narrower toward the wake centers 


and wider toward the 
Bevond 


edges than the 


% Spacing ot l/c = 


wake calculated wakes, 


Fig. 9 1.0025 the measured and 


‘It had the highest cavitation number. 
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Fig. 5 Top view of experimental apparatus 
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1.25" TO 19 28° 
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VELOCITY OF 
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PRESSURE FACE 
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STRUT 
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TURBULENT 
WAKE 
~— SUCTION FACE 
Fig. 7 Diagram of strut and rotor-blede sections in experimental setup 
calculated wakes compare very well a+ seen by d $.8125 in 
the same figure 
Fig. 10 shows the 
spacing 


variation of wake width and depth with 


The depths and widths that were used in the plot were 
those that permitted the best matching of measured and assumed 
wakes. 


Results of Cavitation Measurements. by choosing various com- 


binations of tunnel velocity and rotor rpm it was possible to cover 
a range of J-values After determining the pressure of incipient 


cavitation for the 0.9-radius section at each J condition, the 


incipient cavitation numbers defined by 


PB, P 
CG; po 2 
7 
could be determined. By convention the forward velocity V, 


was chosen in calculating o,. 


\ plot of incipient cavitation number versus advance ratio for 
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Fig. 6 Hearc-on view of experimental apparatus 
the 0.9-radius section in the undisturbed stream is shown in big 
T he ee 


predicted curve obtained from the 


11. A-seale of angle ot 


data are 


ittack @ is also given on the plot 
composed wit! 
theoretically determined minimum pressure coefficients [15, 16 
for the airfoil and by 
lers [17 ].9 


the predicted imd eNm 


ippheation of available theories for propel 
Although the levels of o,; are different, the shapes of 
rimentally determined curves are ver 
similar 

Figs. 12, 13, 14, and 15 show typical incipient cavitation-num 
ber values for the 0.9-radius section passing through the wake o 


the strut 


Fig. 11. For comparison purposes, the experimentally deter 
mined curve of the blade section 


The data are presented in a form similar to that of 


in the undisturbed stream is als« 
plotted in each figure. It can be that ex 
higher angles of attack 


wake on the 


seen immediately 
cept at the lower advance ratios 


is no effect of the 


there 


smooth strut cavitation per 


Figs. 12 and 13 


formance of the section 
strut the effect is very 
l4and 15. A 
ened-strut case is the leveling of the curve with increasing section 
angles of attack over a certain 


With the roughened 
noticeable at all operating conditions 


Figs characteristic of all the curves for the rough 


range of J 
* Consistent with propel , the tangential component of 

duced velocity is assumed to i ease discontinuously from sero to its 
full value as the flow passes through the infinitely thin propeller disk 
At the point on the cavitation « 


urve where the slope changes abruptly 
and for points on the upper 


leg of the curve the minimum pressure 
oefficient occurs almost at the leading edge of the airfoil It was 
velocity picture which would app! 
front of the propeller rhe only uu 
picture would be the axial compo 
critical’ corner of the curve and the point at the 
rat 


located, a linear variatior 


assumed then that the pertinent 
would be that occurring just it 
duced velocity occurring in thi 
Once this 
advance 


nent 


design where ne iduced velocities occurred were 


with J was assumed between the 
poimts 


JUNE 1959 





{RELATIVE SPACING 
OISTANCES 


o—%& +0 3125 
o—% «| 0625 
0—%*4.8125 


ASSUMED 
PROFILES 


o4 04 


NONDIMENSIONAL DISTANCE — ‘Yew 


Fig. 8 Wake profiles for smooth strut 
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Fig. 9 Wake profiles for roughened strut 


It should be mentioned that the visual observations of cavita- 
tion are inherently difficult particularly in this case because of the 
necessity of using a stroboscopic light. Cavitation observations 
generally are characterized by scatter of the data, so even with 


the use of great care in the observations, the scatter that is present 


in the data is to be expected. Among the safeguards used in the 
tests were the reduction of air content below the saturation level 
and the elimination of entrained air bubbles in the stream 

The cavitation observed for the rotor in the undisturbed stream 
was generally what would be expected. At and near the design 
advance ratio, visible cavitation occurred aft of the mid-chord 
As the angle of attack 
was increased, the region of minimum pressure moved forward and 


near the region of minimum pressure 


the cavitation bubbles were indeed observed farther and farther 
toward the leading edge until in the range of the “critical corner’ 
of the cavitation curve the cavitation started at the leading edge 
of the blade. The 
bubbles occurring randomly on the 


cavitation bubbles discrete 
blade surface Near the 
pressure for incipient cavitation the frequency of the bubbles de- 


creased markedly until there was none present 


present were 


In determining 
the pressure for incipient cavitation, then it was necessary to take 
considerable care in determining that all signs of cavitation had 
disappeared 

With the data behind the smooth strut it was already men- 
tioned that in the higher J-region no effect from the strut was 
observed. There was no marked change in the character of the 
cavitation in the lower /-region from that which occurred for the 
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Fig. 11 Incipient cavitation indexes for 0.90-radius section in free 
stream 


case of no wakes, except that the pressure for incipient cavitation 
increased 

In the observations with the roughened strut, however, the 
character of the cavitation changed. In this case a radial band of 
bubbly cavitation occurred on the blade surface; this band 
moving chordwise on the blade from the leading edge to the trail- 
ing edge as the blade passed through the wake. The band de- 
creased progressively in radial extent when the wake passed from 
about mid-chord to the blade trailing edge. The radial extent of 
the band in this trailing region of the blade was roughly centered 
at the 0.9-radius station. Ford = 0.3125 the band was visible at 
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Fig.12 Incipient cavitation indexes for 0.90-radius section behind smooth 
strut, d/e = 0.3125 
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Fig. 14 Incipient cavitation indexes for 0.90-radivs section behind 
roughened strut, d/ce = 0.3125 


all advance ratios for every chordwise position of the wake. For 
larger d’s and at pressures near incipient cavitation the band was 
visible at every chordwise position of the wake only at J’s below 
about 1.28 


positions aft of mid-chord 


For J’s larger than 1.28 cavitation occurred only at 
For all d’s and in the J-range wher« 
the leveling of the curve occurred, the band would disappear 
This 
pressure value for a given tunnel velocity and a particular d was 
for all J's 


upon when the last discrete bubbles would disappear. 


abruptly as the increasing pressure reached a certain value 
the same The differences in o; were then dependent 
It should 
also be mentioned that the band of cavitation was present, at 
least for some conditions on both sides of the blade; i.e., the suc- 
tion and pressure faces of the blade. Because of the physical 
setup it was difficult to observe the pressure-face cavitation, so 


attention was focused only on the suction-face cavitation 
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Fig. 13 Incipient cavitation indexes for 0.90-radius section behind 
smooth strut, d/c = 1.0625 


— ¢ 


DESIGN J 


INDEX 


EXPERIMENTAL 


ITATION 


STREAM CURVE 


CAY 


PIENT 


DEGREES 


20 24 28 

ADVANCE RATIO 
Fig. 15 for 0.90-radius section behind 
roughened strut, d/c 


Incipient cavitation indexes 
4.8125 
Discussion of Cavitation Test Results. ‘lhe prediction 
ference effect due to viscous wakes | tionary 
ytimn equiy let Tiggie 


pified by 


ing vanes 
attack 


13, 14, and 15, it is necessary to 


is given in terms of a ma 


) 
oe 
Figs. 12 


In comparing the experimental data ty 
irrive at some system of measuring 


With the smooth str 


there was no effect in the higher advanes 


the maximum equivalent angle of attack 
is indicated previously, 
ratio range. There 
the “‘critical’’ 
This effect could be measured 


was an effect, however, in the lower /-rar at 


close to corner of the indisturbed stream data 


curve is the difference in angle 
of attack between the points at which the slopes abruptly changed 
iffected data 


On the other hand, by virtue of the shapes of the curves, the 


for the undisturbed and wake 


maximum equivalent angle of attack varied with advance ratio 
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Fig. 16 Maximum equivalent angle of attack data for various wake sizes 


for the roughened-strut case. One may consider either the dif- 
ference between angles of attack at the ‘critical’ corners of the 
undisturbed and wake-affected curves or the equivalent angle of 
attack for a o, occurring at J 1.3 on the wake-affected curve 
For this reason two equivalent angles were measured for each set 
of roughened-strut data. The measurement of these angles is 
more clearly shown in Fig. 15 as the horizontal distances A and B. 
Only the angles designated by B, of course, are measured for the 
smooth-strut data. 

The results of the equivalent angle-of-attack measurements are 
finally presented in Fig. 16. This figure offers a comparison of a 
predicted and measured maximum equivalent angle-of-attack 
parameter versus a nondimensional-wake width, for sufficiently 
high values of distance between wakes. (Since the value of t/a 
in these experiments is 2.7 at the 0.9-radius section, the asymp- 
totic values of predicted a, at large r/me apply. If r/me were 
not sufficiently large, the comparison would have to be made on 
the theoretical curves of Fig. 4.) The figure shows that the ex- 
perimental results are generally lower than the predicted curve 
The trends of the results are, however, comparable. 


Conclusions 


The influence of a nonsteady pressure perturbation on a blade 
due to periodic, traveling wakes is shown to be equivalent to a 
quasi-steady angle of attack of the main flow without wakes. 
For narrow wakes the equivalent angle of attack reaches a maxi- 
mum when the middle of the wake hits the leading edge of the 
blade. Theoretical calculations predict this maximum equivalent 
angle of attack for various wake widths and wake spacings 

Experiments on cavitation appear to verify qualitatively the 
theoretical predictions, although the pressure perturbation ap- 
pears to be less in experiments than in theory. The trend of the 
influence of wake width and wake spacing seems in substantial 
agreement between the theory presented here and experiments. 
In attempting to analyze the apparent difference in quality be- 
tween the smooth and roughened-strut data, the varying equiva- 
lent angle of attack with varying operating conditions for the 
roughened strut, and the final difference in levels of predicted 
and measured data, it is difficult to arrive at any quantitatively 
exact conclusions. Such factors as the deviation of the rough- 
ened-strut wake data with the theoretical definition of the wakes, 
unknown characteristics of the cavitation phenomenon itself, the 
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influence of finite airfoil thickness, and so on, may all be contribut- 
ing reasons. 

The theoretical considerations also do not take into account 
nonlinear effects associated with the local realignment of vor- 
ticity as the wake passes the leading edge and over the surface 
of the blade section."°. Although such nonlinear influences are 
small for small velocity defects in the wake, the application of the 
theory to future cases should be considered in the light of its 
limitations 
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1%” Meyer [3] calculated the localized pressure perturbation at the 
blade close to the wake due to these nonlinear effects. His results 
showed that the additional, localized pressure gradient is positive at 
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the leading edge of the airfoil. The possibility of a nonlinear effect 
that promotes cavitation, therefore, cannot be ruled out, especially if 
the wake is not very narrow 
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DISCUSSION 
R. X. Meyer"? 


The authors are to be congratulated on a highly interesting and 
novel contribution. The concept of the “equivalent angle of 
attack” introduced for the first time by the authors, should prove 
It permits bridging the gap be- 
tween the simpler theories concerned with thin airfoils 
the leading edge appears as a singularity—and applications to 


to be particularly fruitful. 
in which 


actual profiles, where no such singularity arises. 
In their conclusions, the authors also discuss the type of non- 


'! Member Senior Staff, Space Technology Laboratories, Inc., Los 
Angeles, Calif 
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linear effect considered in reference [3] as cited by the authors 
This effect is due to the gradual transport of the vorticity by the 
perturbation velocity, and is of importance only in the neigh- 
borhood of the wake, and increases as the wake is swept down 
stream. Near the leading edge, the effect should be small, be 
cause the time available for the vorticity transport is short 
Since the analysis presented by the authors is only concerned with 
the vicinity of the leading edge, the omission of this nonlinear 


effect is doubtlessly justified 
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Thermal-Stress Ratchet Mechanism 
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Consulting Engineer, 
Knolls Atomic Power Laboratory, 
Generol Electric Company, 


Schenectady, N. Y. Mem. ASME ficiently high 


in Pressure Vessels 


The combination of cyclic thermal stresses and sustained internal pressure in a vessel 
is shown to be a source of progressive expansion of the vessel if the stresses are suf 
Criteria presented allow determination of limits to be imposed on 


stresses in order to prevent progressive expansion or to allow estimation of the expansion 


per cycle where stresses are sufficient to produce growth. 


The effect of strain-hardening 


of the metal on progressive reduction of the growth rate is discussed. 


- PROGRESSIVE thinning of a sheet subjected to a 


sustained tensile load and a superimposed cyclic bending load 
has been discussed by Hill [1].2 Parkes [2] has discussed the 
problem of incremental collapse of an aircraft wing as a result of 
fluctuating thermal stresses superimposed on the normal wing 
loading. Observations of progressive distortion of pressure vessels 
subjected to repeated thermal stresses have been reported by 
Weil and Rapasky [3]. Coffin [4] also has observed growth due 
to combined steady and cyclic loads. 

This paper deals with the problem of cyclic heat flux through 
the walls of a vessel subjected to a sustained internal pressure. 
It is shown that if the thermal strains and the membrane stress 
resulting from pressure are sufficiently high, an 
growth will be produced by each cycle of heat flux. 


increment ol 


Analysis 


The characteristics of the ratchet-growth mechanism will be 
developed first for an elementary model for simplicity and clarity 
Chen the analysis will be extended to thin-walled pressure vessels 
with heat flow from one surface to the other or with heat flow 
through their walls due to heat generation within the walls, as 
occurs in the case of nuclear radiations. All of the derivations 
re based on maintaining the instantaneous average tensile 
tresses at the level compatible with the external load and making 
tress distributions compatible with the instantaneous differential 
thermal strains and with the prior stress-strain history 
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(jeneral Electric Company 
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Nomenclature— 


Three-Bar Assembly. Consider the three-bar assembly shown in 
Fig. 1. The bars are assumed to be made of an elastic-plastic 
material nominally without strain-hardening and are assumed to 
be attached to a rigid support and to a rigid block to which the 
tensile load P is applied. Each of the outer bars has half of the 
cross-sectional area of the middle bar. 

Let us assume that the load P is maintained at the value neces- 
Now assume that the 
outer bars are heated an amount 7’ above the temperature of the 
middle bar. During heating the outer bars tend to reduce their 
load because of their thermal elongation 


sary to cause yielding of the assembly. 


However, the middle 
bar cannot increase its load, 
unrestrained. 
elongation of the middle bar. 


and the thermal elongation of the 


outer bars is This produces an equal plastic 
Now, if the outer bars are cooled 
they tend to shrink and to take 


more than their share of the external load. 


to their original temperature, 
Since they are unable 
to accept additional load, the outer bars elongate plastically by 
the same amount that the middle bar elongated during heating 
of the outer bars. Each subsequent cycle of heating and cooling 
of the outer bars produces a plastic elongation of the three-bar 
assembly equal to the unrestrained thermal elongation of the 
heated outer bars. 

In « practical assembly there would be some strain-hardening 
In the following analysis it will be assumed initially that the 
strain-hardening is exactly sufficient to offset the increase in true 
stress resulting from reduction of cross section during growth. 

Now consider the case where the external load causes the tensile 


stress nay. Let the outer bars be cyclicly heated an amount 7’ 


Fig. 1 Three-bar assembly 





coefficient of linear thermal expan- 


E/a 
Ss10Ou 


O = growth-rate attenuation constant 


= tensile yield stress total tensile 


maximum tensile thermal stress 
calculated Ooh ub elastic basis 

tensile membrane or average stress 
due to internal pressure or ap 


plied load 


JUNE 1959 


total tensile strain after N eveles 


strain 


finite number of cycles 


Poisson’s ratio in the elastic 


growth strain due to one cycle of 
temperature variation 


a a ae Young’s modulus of elasticity 


ratio of incremental stress to in- 
range cremental strain in plast ic region 
number of temperature cycles 


temperature excursion 
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Fig. 2 Stresses and deformation of three-bar assembly 


above initial temperature and then returned to their initial tem- 


perature , Stress, and elongation variations with 


The temperature 


time during cycling of temperature are shown in Fig. 2 for a 


particular rf The numeral 1 denotes the outer 


conditions 


bars which are evclically 


heated and cooled and the numeral 2 
denotes the constant-temperature inner bar in Fig. 2(b) and in the 
subscripts. Note that these plots are established by alternately 


apply ing and removing the differential ctrain a7, and maintain- 


ing the total force developed in the three-bar assembly equal 
to the external force 


‘ 9 


Based on construction of Fig. 2, 


the following relation was 


derived for the growth per ecvcle after a steady-state cycle is 


established 


For tl 


stress would have 


s eXpressiv 0, the compressive yield 


to be greater than the tensile vield stress. A 
negative value indicated by use of equation (1) indicates that 


growth occurs 


Now consider the system of Fig. 1 with a nominal stress-strain 


characteristic composed of an elastic portion and a pl ustic portion 


f constant slope, £,. It will be assumed initially that condi 


tions are such that no compressive plastic flow occurs during the 


temperature cycle. The graphical construction for this cuse is 


shown in Fig. 3. The inner bar is assumed to remain at constant 
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Fig. 3 Effect of strain-hardening in three-bar assembly 


temperature, and the outer bars are assumed to be heated and 
then returned to the temperature of the inner bar. The initia! 
As the outer bars ar 
heated their load falls off, and the central bar picks up load and 
extends bevond the elastic 


conditions are represented by point O 


limit. This condition is represente 


by points 0.5. When the outer bars are cooled, they pick up load 
ind strain beyond the elastic limit while the inner bar dro 
The end of the 


similar process is 


load and shortens elastically 
points l A rey ited thereafter 
with decreasing increments of plastic strain in succeeding cycle 


first cycle is repre 


sented b 


The total strain beyond the elastic limit approaches exponential! 
that corresponding to the condition where no further growth ox 
curs 
If \ 


the total strain can be computed from 


This is evident from the construction shown in Fig 


is an integral number of cycle if temperature variation 


The dimensionless 


When the isymptotic strain is obtamed 


entirely elastic, and the dimensionless tot 


when the system is isothermal is 


parameter 6 ¢ 


The construction of Fig. 3 can made as ft 


1 Plot the stress-strain 


1-B-C', the load 


with respect to ()-} 


line D-E as a mirror image of B- 
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2 Locate line 1-1 at an abscissa computed from equation (3), 
and locate line G-E at the abscissa computed from equation (4) 

3 Draw the parallelogram G-/-E-H 

4 Draw K-H parallel to D-E 

5 Extend line 1-1 to intersect the extension of line A-B and 
draw L-G 

6 Complete the construction as indicated. 


The points 0.5, 1.5, and 2.5 represent conditions when the 
outer bars are at maximum temperature, and points 1, 2, and 3 
When the 


system is strain-hardened enough to prevent further growth, the 


represent conditions when the system is isothermal 


conditions with the outer bars at maximum temperature are 


points J and H, and the isothermal condition 
is represented by points G and E 


represented by 


The foregoing evaluation of the three-bar assembly also would 
be applicable to slow isothermal temperature cycling of a thin- 
walled pressure ve ssel fabricated from plate of which the two half 
thicknesses are materials differing in thermal-expansion coefficient 
but having the same stress-strain characteristics. Strict applica- 
bility requires that the maximum-shear-stress criterion for the 
incidence of plastic flow be valid. This criterion is approxi- 
In the case of the 
bimetallic vessel the quantity ¢€, for the three-bar assembly would 


mately valid and is used here for simplicity. 
be replaced by €,(1 — v) for the pressure vessel in equations (1) to 
(5), inclusive. 

Pressure Vessel With Uniform Heat Flux. A thin-walled pressure 
vessel with a cyclic uniform heat flux through its walls and with a 
sustained internal pressure will be subject to progressive growth 
if the loadings are sufficiently high 
that the 
initiation of plastic flow is valid. 


For simplicity of analysis it 
will be assumed maximum-shear-stress criterion for 
The analysis of this case is more complicated than that of the 


three-bar assembly, because the stress distribution is more 
complex and because of the possibility ol compressive y ielding in 
the regions of the highest thermal stresses Two conditions of 
combined circumferential thermal and pressure stress which are 
on the verge of producing progressive growth are shown in Figs 
fa and b 


plastic strain occurs, and the second represents a case where it 


The former represt nts a case where no compressive 


does occur. The thermal strain is assumed to vary linearly in 


the radial direction, and the hoop stress caused by pressure is 


assumed constant, vessel whose 
The 


terial is assumed to be el istic-plastie without strain-hardening in 


as is approximately true for a 
walt thickness is small in comparison with its radius ma- 
the nominal membrane stress-strain characteristic, and the tensile 
and compressive yield stresses are assumed to be equ il 

The following is the identification of various lines in Fig. 4(a 


1 A-B-G-H represents the pressure load at 70 per cent of yield. 
2 A-D-K-H represents the thermal stress and pressure stress 


combined as they would be if the system were elastic 


The upper 














Fig. 4 Stress distributions with linear temperature variation 
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boundary L-D corresponds to the outside surface, if the heat flux 
is outward 

3 A-C-E-J-H corresponds to the actual combined thermal 
and pressure-stress distribution while the heat flux is applied. 

4 A-L-E-F-H corresponds to the stress distribution existing 
after removal of the heat flux. 


It should be noted that the vessel has received a permanent in- 
crease in diameter equal to that which would have resulted in an 
increase in membrane stress from 70 to 100 per cent of the yield 
point 

Fig. 4(b) is similar to Fig. 4(a) except that lines L-M and N-J 
denote the depth to which yielding occurs in compression and in 
tension once during each cycle of temperature variation. 

Fig. 5, curve A, shows how the maximum thermal stress @,, 
computed with elastic behavior assumed, must be limited if eyelie 
2, curve A is 


growth is to be avoided For values of (oO, ‘o,) < 


a straight line, representing conditions of Fig. 4(a) where plastic 
flow occurs only during the first cycle of application of heat flux 
The remainder of curve A is an hyperbola, representing the con- 
whe re ¢ 


ditions of Fig. 4(b yelic plastic flow occurs during each 


cycle of temperature variation. It is to be expected that this 


evele plastic flow might contribute substantially to the risk of 
fatigue failure 

If the thermal stresses are larger than those indicated by Fig 5, 
urs with each cycle 


an increment of growth o« of temperature 


variation. The dimensionless growth per cycle for the present 


LEGENC 
A LINEAR TEMPERATURE VARIATION 
B PARABOL TEMPERATURE VARIATION 
C THREE-BAR ASSEMBLY 


Fig. 5 Thermal stress beyond which cyclic growth occurs 


. y + + 


Fig. 6 Growth per cycle in shells with linear and parabolic temperature 
distribution 
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y 


= 21m 2[m(1 n)}'/*}(1 — v) (6) 


€, 
for conditions where no compressive plastic flow occurs during 
the cycle. The characteristics of equation (6) are shown for a 
particular value of m by the upper curve of Fig. 6. 

Pressure Vessel With Heat Generated Within {ts Wall. A thin-walled 
pressure vessel with uniform heat generation within its walls will 
have an approximately parabolic variation of temperature in the 
radial direction through its wall. The case considered here is one 
where heat is removed only from one surface or equally from both 
surfaces. If heat is removed equally from both surfaces, the stress 
distribution of the outer half is the same in form as that of a shell 
with heat removed entirely from the outer surfaces. Hence only 
the case of heat removal from one surface need be considered. 
The assumptions made with respect to material characteristics for 
the pressure vessel with linear temperature variation are used 
here as well. 

Fig. 7 represents the stress distributions for two cases with a 
parabolic temperature distribution. Fig. 7(a@) represents the case 
where any increase in thermal stress or membrane stress would 
cause plastic flow to occur during each cycle. This case deter- 
mines the point of transition from the linear to the nonlinear 
portion of curve B of Fig. 5. This point is at an ordinate of 2 and 
A-D-K-H represents the combined ther- 
mal and pressure-stress distribution which would exist if the sys- 


an abscissa of 0.615. 


A-C-E-H shows the actual combined stress 
distribution while the heat flow is a maximum, and A-L-E-F-H 
shows the stress distribution when the heat flow is zero 


tem were elastic. 


Fig. 7(b) represents a case where plastic flow occurs once during 
each cycle in the region of maximum stress. This case is for 
g,/a, = 4.74 and o,,/0, = 0.288. 


and with the membrane stress reduced enough to prevent growth, 


With a higher thermal stress 


cyclic plastic flow would occur at and near the zero heat-flux sur- 

face as well as in the region of maximum heat flux 

Above 
The 


dashed portion of curve B of Fig. 5 was drawn on the basis of 


The case of Fig. 7(b) is plotted on curve B of Fig 5 
this point, curve B approaches curve A asymptotically 


judgment to fit the linear portion and the plotted point. 

If the thermal stresses are sufficient to cause growth but in- 
sufficient to cause compressive plastic flow, the dimensionless 
growth per cycle is 


3m(1 


9 


~ 


where 


The characteristics of equation (7) are shown in the lower curve 
of Fig. 6 for a particular value of m 

Correlation Between Three-Bar Assembly and Pressure Vessels. 
In the linear range of the curves of Fig. 5, the limits on the 
maximum thermal stresses beyond which cyclic growth occurs at 
a particular membrane-stress-to-vield-stress ratio for the three 
cases which have been considered are in the proportions 1:2:2.6 
for the three-bar assembly, the linear, and the parabolic stress 
distributions. It is of interest to note that the three limiting 
cases correspond to equal values of average tensile thermal stress 
in the zone where tensile thermal stresses would be present if the 
material were elastic. 

It is also of interest to note that the slopes of the lowermost 
portions of the curves in Fig. 6 coincide with the slopes of the 
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Fig. 7 Stress distributions with parabolic temperature variation 


(y/e, )-functions for the three-bar assembly which have the same 
horizontal-axis intercepts. In the limiting case of n = 1, the 
growth per cycle corresponds to the full maximum thermal dif 
ferential expansion 

The determination of total growth as a function of the number 
of temperature cycles is more complex for the pressure vessels 
than for the three-bar assembly because of the nonlinear character 


With 


characteristic and initial growth rate, the pressure-vessel growth 


of equations (6) and (7) 1 particular strain-hardening 
rate falls with increasing strain more than does the growth rate of 
the three-bar assembly. I/ it is desired to plot the growth as a 
function of the number of cycles for a particular pressure vessel, 
the growth-rate and total-growth curves can be plotted on the 
basis of numerical computations, and successive adjustments of 


m and nas strain-hardening proceeds 


Discussion 


The formulas and curves presented in the foregoing provide 
criteria suitable for design for avoidance of growth of pressure 
vessels due to cycling of heat flux through the walls while pres 
sure loading is maintained. The formulas for growth rates also 
will be useful in estimating the growth rates which will occur with 
combinations of high thermal strains and pressure loadings 
Some other criterion than the maximum-shear-stress criterion 
for the initiation of plastic flow might have provided more valid 
derivations, but it is doubtful that the increased accuracy would 
be of enough value in practical cases to justify use of a more com- 
plex flow criterion 

Curve B in Fig. 5 was used in modification of the design of a 
pressurized tube to be installed in the Engineering Test Reactor as 
part of a test loop. The modification was made after prediction, 
that the 


which would occur in the original design was prohibitive 


on the basis of the analysis just presented growth 

The 
tube is to be in a high neutron and gamma-ray flux which will 
produce high differential thermal strains in the wall of the tube 
4 scale model of the modified design was tested with internal 
pressure and with electric-current 


design 


Con 


heating to simulate 
loadings, and the test confirmed the absence of growth 
sideration is being given to performing tests on the model under 
more severe loadings to enable a comparison of the actual growth 
characteristics with those which would be predicted by the 
formulas presented in the paper 

Some cases where growth might be predicted in the basis of the 


present analysis or by similar analyses are: 


1 Pressure vessels subjected to temperature transients in the 
contained fluid, heated from their exteriors or heated within their 
walls by nuclear radiations 

2 Temperature cycling of pressure vessels clad with material 
differing from the base metal in coefficient of thermal expansion 


3 Bimetallic joints in pressure piping subjected to slow cycling 
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of temperature (Metals differing in thermal-expansion co- 
efficients. ) 

4 Temperature cycling of pressure vessels made of a metal con- 
sisting of crystal phases differing in thermal-expansion coefficients. 

5 Turbine blades and disks subjected to severe temperature 
transients and centrifugal loading 

6 Pressurized piping subjected to high bending or torsional 
0 udings 

7 High-speed aircraft wings subjected to combined thermal 
und mechanical loads. 

8 Ilectrical conductors in motors subjected to mechanical and 


thermal-expansion loads 


The growth problem in vessels heated with electrical heaters 
ittached to the walls can be alleviated by avoiding hot spots 
caused by heaters being locally in direct contact with the walls. 

At temperatures where creep is significant it is to be expected 
that, with combined sustained external loads and cyclic dif- 
ferential thermal strains, the creep deformations will be increased 
by the thermal-strain cycling 

It should be recognized that the growth ratchet as analyzed 
here is characteristic of cases where pressure or other external 
loading continuously maintains membrane or 


average stresses 


across a member at a constant value. In some cases local mem- 
brane or bending stresses will be reduced by application of a single 
cycle of sufficiently high differential thermal strain. This phe- 
nomenon has been discussed by Langer [5] 

There are several potential sources of progressive deformation 
as a result of temperature cycling not considered in the foregoing 
which deserve mention, since in some cases they also may interact 
with external loads so as to increase the growth rate. Burke and 
Turkalo [6] have demonstrated and explained the occurrence of 
progressive distortion of zinc bicrystals due to cycling of tem- 
perature in the absence of external loads. The progressive dis- 
tortion is attributed to the difference between the mode of plastic 
flow at high temperature (grain-boundary flow) and that at low 
The internal 


stresses tending to cause plastic flow is the anisotropy of thermal 


temperature (transcrystalline slip source of 


expansion during cycling. Another anisotropic material in which 
progressive distortion can be produced by temperature cycling 
tlone is uranium [7] 

Progressive deformation has been postulated by the author in a 
bimetallic three-bar assembly subjected to a sufficiently high 
range of isothermal temperature cycling. In this system progres- 
sive growth can occur if the two metals both have tensile yield 
stresses lower than their compressive yield stresses. This system 
behaves somewhat like the three-bar assembly discussed in the 
text of the paper, in which the external load replaces the difference 
between tensile and compressive yield stresses 

An isotropic material also may experience a progressive dis- 
tortion owing to temperature cycling as has been shown by the 
progressive approach to a spherical shape of a steel cube sub- 
jected to repeated heating and cooling [8] This distortion may 
be due to the high cyclic thermal stresses produced by rapid 
heating ind cooling and/or to density changes caused by phase 
transformations combined with the cyclic variations in yield 
strength which accompany the local temperature changes. A 
case where a similar, and probably analogous, phenomenon can 
be visualized is that of a rod thermally insulated from, and at its 
end attached to, a concentric tube of the same material and of 
the same cross-sectional area If the tensile and compressive 
vield strengths of the material are equal, and if both y ield strengths 
fall as temperature increases, the becomes 


assembly progres- 


sively shorter and diameter when a suitable tem- 
Thus, if first the tube is heated suf- 
ficiently, it will yield in compression because its yield strength 
the rod is heated to the 


temperature of the tube, the tube will be in tension and the rod 
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larger in 


perature cycle is imposed 


is lower than that of the rod. If now 
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When the rod 


reaches that of the tube, there may have been some tensile plastic 


will be in compression temperature @! the 
flow in the tube, but it will have been smaller than the original 
compressive plastic flow in the tube. If now the tube is cooled to 
the initial temperature of the rod, the rod will yield in compression. 
If the rod is now cooled to the initial temperature, the entire 
assembly will have experienced plastic shortening of its longitu- 
dinal axis. From the similarity of the assumed temperature cycle 
to that for a solid cylinder subjected to rapid heating and cooling 
of its exterior, it appears that a solid cylinder will become pro- 
gressively shorter in length and larger in diameter if exposed to 
sufficiently severe alternating changes of surface temperature 
Similarly, a cube would progress toward a spherical shape 
Progressive distortion has been observed to occur when the 
thermal expansion of a container exceeds that of its solid par- 
Thus a 
austenitic-stainless-steel tube filled with fine ferritic-steel shot 
would be 


ticulate contents very long, vertical, thin-walled, 


expected to become progressively larger in diameter 
with repetitive slow cycling of temperature. This is true because 
the shot would slump down when the assembly was hot, but could 
not be forced upward again by shrinkage of the tube diameter 
while the assembly was coole« 
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DISCUSSION 


on Ther- 


Welding 


L. F. Coffin, Jr.’ 


The author has presented 


i very interesting analysis of certain 


systems subjected simultaneously to mean stresses and cyclic 


thermal stresses and has determined criteria for evclic growth in 


such cases In these an ses he has focused his attention prin- 


cipally on those cases where the mean stresses are comparatively 
high and the thermal stresses relatively low such that the plastic 
deformation which occurs at any point in the structure is mono- 
In such « 


representations for re il mate 


tonic in nature ises it is appropriate to use idealized 


| behavior, as given in Figs. 2 and 
3. There is, in addition, much engineering interest in this par- 


ticular range of steady an 


When the e 


1 thermal stresses. 

clic thermal stresses become severe so as to pro- 
3’ General Electric Re 

Schenectady, N. ¥ 


itory, General Electric Company, 
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SPECIMEN A SPECIMEN B 
eR ia 


NOT TESTED STRAIN CYCLED 
444°. 8% 


CYCLES TO FAILURE 149! 
dy =. 250" 


MATERIAL: 2S ALUMINUM 


| 
0 | INCH 


Fig. 8 Cylindrical test specimens of 25 aly 


duce, upon unloading, a reversed plastic strain, the deformation 
path of certain portions of the structure, under growth conditions 
subjected to monotonic plastic deformation, are coupled with 
cyclic plastic deformations. Such may be the case, when, for 
example, thermal-stress fatigue is the limiting design condition 
in the structure. It begins to be important when the stress at 
any point is carried sufficiently far in the reverse direction to be 
influenced by the Bauschinger effect. Upon such situations un- 
certainties regarding material behavior occur and assumptions 
must then be made 

The writer for some time has been investigating the room- 
temperature behavior of ductile metals subjected to large cvclic 
plastic strains (0.5 to 30 per cent with superimposed mean 
stresses or strains. Under these conditions numerous observa- 
tions of monotonic deformations as a consequence of small mean 
stresses and cyclic plastic strains have been observed, including, 
for example, the twisting of an aluminum bar by shearing stresses 
of the order of 63 psi inder the simultaneous action of a longi- 
tudinal fully reversed cyclic plastic-strain range of magnitude 
0.0086 in per in 

Another interesting example of the ease by which metals can 

deformed when subjected to evelic plastic strain is shown in 
Fig. 8. Here an initially uniform eylindrical test specimen of 
28 aluminum is subjected to 1500 eveles of a push-pull axial 
loading with a diametral strain range of 0.8 per cent. The result- 
ing specimen shape is shown in the right-hand figure It is of 
particular interest to note that the central section of the specimen 
has necked down while the ends of the specimen have increased 
in thickness, although there has been no net change in length of 
the specimen since the strain was produced by a cyclic displace- 
ment of the ends of the specimen Less soft materials do not 
show this effect to the same degree as aluminum. The effect can 
be explained in terms of a slight tensile mean stress at the center 
and a compressive mean stress near the ends arising from second- Fig. 9 
order effects concerning the instantaneous stresses during cycling 

The combined action of evclic and monotonic plastic strain can al Thus an tenden to change the strain-hardening 
have a significant influence on the stress-strain behavior in iracteristics of the material will have a pronounced influence 

! 


ductile metals. The author has calculated that, when strain- on the magnitude and extent of the plastic deformation achieved 


hardening is taken into account, the increment of plastic de- by this type of loading 


formation in systems undergoing racheting decreases in a negative In Fig. 9 is shown the influence of the superposition of a cycle 


exponential fashion with the number of cycles, whereas, in the plastic strain upon the monotonic stress-strain curve These 


‘ , | wail . 
absence of strain-hardening, the deformation increment remains data are achieved by what is called a evclic tension test 


‘in which 


. » . ai the combine d eve lic and monotonic strain ts «a hieved in a p ish 
‘L. F. Coffin, Jr., ‘The Stability of Metals Under Plastic Strain 

General Electric Research Laboratory Report R-2137, to be 
published in strain-hardening produced by the superposition of a evel 


pull type of machine. Note in particular the significant decreas 
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strain of a 2'/, per cent range for each 1'/: per cent monotonic 
deformation (curve 2) when compared to the simple monotonic 
test (curve 1). Differences such as this can have a marked in- 
fluence on the magnitude and extent of the monotonic deforma- 
tion produced by “racheting.’’ These effects must be clearly 
recognized when attempting an analysis in which the plastic- 
strain path involves reversals in direction 


Author’s Closure 


lr. Coffin’s discussion is an interesting supplement to the 


paper. It lends support to the theory presented in the paper and 
also points out a case where the author’s formulas may under- 
estimate the amount of growth which would be produced by the 
ratchet phenomenon treated in the paper. 

The cyclic tension test represented by Fig. 9 is analogous to the 
author’s three-bar assembly. If we consider cases where n is so 
small that it can be neglected in equation (1), and if we multiply 
Coffin’s transverse strains by two to obtain approximately the 
corresponding axial strains, the predicted axial extension per 
cy cle Ls 


to, 


= 2Ae, — 
y €4 E 


(9) 

At a flow stress of 37,500 psi (assuming E = 10’ psi) equation 
(9) gives the actual growth per cycle. At a flow stress of 20,000 
psi equation (9) gives an extension of 0.037 in./in. instead of the 


actual value of 0.03 in./in. The discrepancy between theory and 


196 / suNne 


1959 


experiment may be caused by a small difference between the com- 
A small excess of tensile 


yield strength would offset the effect of a small tensile mean stress. 


pressive and tensile yield strengths 


Small differences in yield strengths would be of little significance 
with the membrane-stress levels commonly used in pressure 
vessels. 

In a pressure vessel in which growth is accompanied by local 
plastic cyclic strains such as occur in the case represented by Fig. 
4(b), the cyclic plastic flow may either retard continued growth 
due to the increased yield strength resulting from work hardening, 
or it may produce cyclic-strain softening to partially offset the 
work hardening resulting from the elongation. 

The formulas presented in the paper are probably most useful 
for enabling a designer to determine whether growth is a potential 
problem in a particular case, and enabling him to obtain an esti- 
mate of the growth which will occur if growth is expected. The 
author believes the formulas to be reasonably accurate for en- 
gineering applications where membrane stresses are a substantial 
fraction of the yield or creep strength, and where the material is 
initially in the annealed condition. If the material were initially 
in a work-hardened condition, it might be possible for a stable 
system to begin to grow after softening occurs due to exposure to 
elevated temperature or due to plastic-strain cycling. 

At the present state of knowledge of the ratchet problem it 
would be prudent to make a simulated-service test or in-service 
checks for comparison with theoretical predictions of growth in 
any case where substantial growth is expected, unless the hazards 
associated with expansion of the pressure vessel are small 
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Refractory Metal Facings for Protection of 
Metal Surfaces Subjected to Repeated 
High-Temperature Pulses 


Because the operating frequency of a magnetron has a direct relationship to the size of 
the resonant structure, the power at a given frequency that can be obtained from a magne 
tron may be limited by the temperature which the resonating structure can withstand 
A rise in the temperature of the resonant structure is caused by the impact of high 
energy electrons emitted from the cathode at high peak-power levels for short durations 
This paper deals with the analytical determination of the temperature of the resonant 
structure, a solution to the heat problem in which a thin coating of refractory metal is 
used to prevent the vulnerable components from melting, and some experimental results 
to verify the analysis. 


ms GEOMETRY of a typical magnetron is shown in 


Fig. 1 Karly investigation of the anode vane temperature and 


stresses revealed that the vane surface melted after operation Io! 
approximately 6 hr with l-microsec pulses of 1.94 to 2.25 mega- 
watts per sq in. The required conditions were an output power 


of 3.1 megawatts per sq in pulse width and 


with a 2.5-microse¢ 
250 hr of operation 
In analyzing this problem the following assumptions were 


In cle 
1 An uniformly 


barded by electrons during n pulses having a duration of t) micro- 


sec 


irea of A sq in. of the vane surface is bom- 
emt h 
2 All the 
heat at the 
3 The dissipation produced In \ vanes by n pulses 18 @ { 


watts per sq in Kacl 1\ 


energy of the bombarding electrons is converted to 


surtace ol the vane 





vane, therefore, dissipates Q watts 
per sq in 

1 The 
deg ( 














back of the vane is maintained at a temperature Ot L 


by liquid cooling of the anode block 


D t 


| 
idiation is negligible compared to conduction and there- 
fore may be disregarded Fig. 1 Geometry of a typical magnetron 
b Be cause the tempt rature over the face of the vane is uni- 
form, it is permissible 


heat flow [1 


to use the equation for one-dimensional 


KV (0, t P(t) 


kl “fl > O 
vane 


7 Since the temperature at the back of the remains con- 


stant, the vane can be considered a semi-infinite strip. Therefore lim | lim ( 


ra a. 


* 


lim J 


> 


lim U(z, t 


1 


] / ~ : ot nT : 
U(a2,t > L 4 i c ikr dT 
kK \ .: Saneve VT 


KU 0, t 
rx(Z, t), 


Viz 


0) =0 - (- 
_ ; K \r 


Numbers in brackets designate References at end of paper 

Contributed by the Metals Engineering Division and presented 
at a joint session with the Joint ASTM-ASME Committee on Effect 
of Temperature on the Properties of Metals at the Annual Meeting, 
New York, N. Y., November 30 1958, of THe 
Society OF MECHANICAL 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society Manuscript received at ASME Headquarters, Sep- 
tember 2, 1958. Paper No. 58—A-188 


December 5, AMERICAN 


ENGINEERS 


Journal of Basic Engineering 


} =~ ae OUT 
) Ley wd 
n 1/0 t nT) 


If Equation (10) in the Appendix is evaluated for n 
first pulse, the solution has the familiar form 


L 4 ? of — ) x ere | a 
K 1 T 2 (kt 


For repeated pulses Equation (10) becomes 


nz? 


tht 
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}2(=)" ~ 
tn rT ; 


nz ' 


zx erfe > (7) 


2(kt)'/* } 4 


In Equations (1) through (7), U(2, t) is the temperature at any 


point z for any pulse duration / 


Po = watts per sq in 
AK = thermal conductivity, watt-in./sq in. deg C 
k = thermal diffusivity = , in*/in-sec 
pe 
p = density 


c = specific heat 
t = pulse duration, sec 

\s an example, the temperature of a vane after the first pulse 
can be calculated from Equation (6) as follows: 


O38 & 10° watts 
D = 
sq in 
SS wutt 
K refere { 
sq in deg ( 
74) LOT & 10° deg ¢ 
K in 
0.1575 in' 
. relerence |4 
In-s8ec 
l 2 5 Micros’ 
L 150 deg ¢ 
Therefore 
(1 XK 10 25 xX 10 150 + 1.07 & 108 


~ (: er" 310 aie x 10°% ad 


10 3 2.5 msec 273 C (38) 


Curves showing the results of such calculations for various vane 
materials are plotted in Fig. 2. These curves show the depth of 


penetration of the temperature produced by the first pulse 


Equation (7), on the other hand, yields the temperature in the 
vane at any point z 


> O after any number of pulses. Equation 


7 x however, is difheult to handle and does not provide much 


more information than does Equation (Ss 
Equation (5) gives the temperature at the face of the vane after 

n pulses. A typical calculation using Mquation (5) is shown in the 

following. The calculation is for a copper vane, and the condi- 

tions are the same as those used in the preceding example 

U'(0, 2.5 usec Ino tL (755 L£ 191° 4 


15.9° + 11.9 


Q5 + 7 Q 4 a ‘) 


It is evident that this series converges after a finite number of 


pulses. It is also evident that the high-temperature conditions 


are produced bv the first pulse 


Experimentation 


Immediate Steps to Reduce Erosion. 
foregoing analytical investigation, 
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To check the results of the 


a series of experiments was 
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Fig. 2 Curve of vane temperature at end of first pul*z 


conducted to determine the effects of high-teniperature opera- 


tion on copper-vane magnetrons of various designs. The existing 
design employed three-section OFHC copper vanes, brazed to- 
gether and to the copper straps with silver-copper eutectic braz- 
ing alloy, Fig. 3. Erosion of the vane face began at the brazed 
joints and was heaviest at the strap-clearance ‘‘windows.”’ It 
was evident that the tendency to erosion in these areas resulting 
from the “thermal block”’ of the was increased by the 


presence of the low-melting-point (779 C) 


“windows’’ 
brazing material 
During assembly, the brazing metal often flowed over the entire 
vane face. When the completed tube was operated, additional 
silver-copper brazing metal from the joints flowed over the 
eroding face, alloying with the copper and creating still more low- 
melting-point material. This progressive decomposition can be 
seen in Fig. 4, a photomicrograph of a small area of an eroded 
three-section vane. Although as much as 0.012 in. of the copper- 
vane face has eroded, a thin layer of silver-copper alloy still ex- 
tends from the brazed joint and along the face. 


The first step taken to reduce such erosion was the substitution 
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Fig. 3 Three-piece vane assembly 
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Fig. 5 Two-piece vane assembly 


for the Sliver-copper eutectic alloy of Nicoro® (35 per cent Au 
48 per cent Cu, 17 per cent Ni, flow point 1025 C 
having higher melting point and surface tension. Vane-strap as 
semblies were brazed with Nicoro at 1040 C, forming joints having 


, a brazing metal 


nearly the melting point of the base metal. Because of its high 
surface tension and high liquidous viscosity, the Nicoro was con- 
fined to the joints and did not flow over the vane face 

Depite this improvement, the vanes continued to erode even 
during operation at one-half power, The next ste p taken was 
substitution for the three-piece vane assembly of the two-piece 
design shown in Fig. 4 so as to remove all brazing material from 
the vane face. The 
mately 0.014 in. deep 


braze shown in Fig. 5 was made approxi- 

It was mandatory to determine if the temperature during 
operation was sufficient to melt the brazed joint 
the proper values in 


By insertion of 
Equation (7) it 
build-up of temperature at a depth z 
compared with that at the surfac 


was determined that the 
> 0 from the face is small 
For example for any 


nuim- 
ber of pulses 
{10 27 usec 123° + 77 + 39° 4+ 16.5 } 
+ 150 


It was concluded, therefore, that the brazed joint was not in 
Although a 


vanes of the type shown in Fig. 5 was not tested, subsequent 


danger of melting tube using two-piece copper 
tests using « dummy-anode tube (to be described) confirmed the 
analytical findings, and erosion would be substantially reduced 

Equations (5) and (7) can be used to calculate the temperature 
at any depth in the vane after any number of pulses of any pulse 
duration, and for any material. On the basis of such calculations 
the most critical region was found to be within a few thousandths 
of an inch of the vane face 

Another subject investigated was the effect of windows in the 


vanes. Because the ‘“window’’ shown in Fig. 5 is only 0.14 in 


* Trade name of Western Gold & Platinum Company. 
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Photomicrograph of section through an eroded three-piece copper vane 


behind the surface of the vane the resulting concentration of heat- 
flow lines can cause hot spots. However, an analog field plot of 
this configuration, assuming steady-state conditions, showed that 
the temperature at the face of the vane in front of the window 
was only about 25 deg C higher than that without the win- 
It was concluded, therefore, that the windows have 
little effect on the melting of the vanes 


dow [3]. 


It was difficult to obtain a precise stress analysis because of the 
rapid repetition rate of the temperature cycle. The following ex- 
pression, derived by Timoshenko [3, 5], indicates that the stress is 
much higher than the vield point of any material that can be used 


ior a vane; 


: alTE 
ri) 
l T 
where 

6 stress 
a = coefficient of thermal expansion 
T’ = amplitude of temperature variation on surface 
E = Young’s modulus 


Poisson’s ratio 


7 = 


Timoshenko’s expression, however, was deve loped ior a much 
slower periodic temperature cycle, and, therefore, may not be 
applic able to the present case The only conclusion that can be 
drawn is that the yield point of the copper vanes may have been 
exceeded in the magnetrons tested 

Final Solutions Considered. 


dence obtained from experimental tubes indicated that magne 


Both the initial analysis and the evi 


trons using pure copper vanes could not be operated at full power 
Ieffort w is directed, the refore, to the development ol 1 protective 
vane facing which would have the highest possible electric al and 


thermal conductivits Three general fabrication technique s were 


investigated 


1 Brazing of a refractory conductor to the vane face 


2 Application of a onductive refractory facing by othe 


means 
3 The use of vanes constructed entirely of a refractory cor 
d wetive 


material 


The two piece copper-Vv ine isnt mbly she Vn in I ig 5 Vis 


suitable for use with a brazed refractory face. Analysis showed 


that the significant parameters of a usable refractory are its 


density, thermal conductivity, specific heat, and melting point 


High electrical conductivity, low vapor pressure, and a low co 


efficient of thermal expansion are also desirabl The materials 
finally selected for evaluation, and their characteristi ire listed 
in Table | 
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Table 1 


Tungsten 


( 
f 


Molybdenum 


Composition, per cent 100% W 100% Mo 


Spectrographic 
tracer quantities 


Not 
analyzed 


Not 
analyzed 


analysis, 


Electrical resistivity, micro- 
v9 > 5 48 
ohm-cm 
Coeff. of expansion, 
in. X 1076 


in. X °C 


Density, gm/ce 19 0 

Thermal conductivity 
cal cm 0.476 
em? °C 

Specific heat, 
cal °C 


gm 


0.034 0.062 


The vane-face temperatures predicted analytically for these 
materials are shown in Fig. 2. 

The Elkonites 1W3 and 20W3 are not alloys in the strict sense, 
since there is no copper-tungsten binary system. It was thought 
that with these metals, the copper might be vaporized from the 
vane face, leaving a tungsten lattice to absorb the heat, and re- 
taining the electrical properties of the copper in the region behind 
the face 

All the materials listed in Table 


1 could be brazed easily with 


Nicoro in a hydrogen atmosphere. In each case the vane straps 
were first brazed to the copper-vane backs either with Nicoro 
powder or by plating the straps with nickel and gold in a 1 to 4 
proportion by weight and firing in hydrogen at 1040 ¢ 

The most serious problem encountered in these assemblies was 
the difference in the thermal-expansion rates of the copper and 
the refractory facings. The thermal-expansion coefficients shown 
in Table | may be used to predict the mismatch along the length 
of the vane over the temperature range 25 to 1040 C. The dis- 
tortion experienced in making the assemblies agreed well with the 
predictions 

The greatest mismatch—that for the copper-tungsten combina- 
Since this dif- 
ference did not affect tube operation adversely, no effort was made 


tion——-was about 1 per cent of the vane length. 


to circumvent it. It was extremely important, however, that the 
resulting distortion be directed along the vane length, and that 
This re- 


striction was achieved in jigging technique, by constraining the 


there be no other bowing or bending of the vane parts. 


vane on all surfaces except one end during and after the braze, 
and in particular by moving the vane face into juxtaposition with 
the copper vane as the Nicoro shim between the parts melted 
The jigging arrangement is shown in Fig. 6. 

Although the resulting assembly includes locked-in stresses up 
to the yield point of the copper, these stresses are partially offset 
during tube operation by the elevated temperature of the vane 
tip. None of the vane tips constructed by this method cracked 
in normal handling and operation, even though one tube was held 
at —55 C for several hours, 

The bimetal thermal distortion of the brazed assembly made it 
desirable to find a means for fabricating a copper-refractory metal 
laminate from which complete vanes could be machined to final 
dimensions. The following techniques were tested: 

1 ‘Flame spraying” tungsten and molybdenum on Monel and 
copper using Metco‘ flame-spraying equipment. In this process 
the base metal is preheated with an oxyacetylene flame, and a 


‘Trade name of Metallizing Engineering Company. 
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1W3 Elkonite 


Characteristics of various vane-face materials 


OFHC Copper 


20W3 Elkonite Hevimet (for comparison 


9% W 
65% Cu 4: rod a 00% C 
35% W rf = es 
Mg, Mn, 
Si, Fe, 
Ag, Pt 


Fe, Si, 
Ag, Ni, 
Mg, Mn, Pt 


Not 
analyzed 


4.60 6.8 


5.6 

Not 
available 

Not 


available 


Not 


0.048 available 


0.095 
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Fig. 6 Jig for two-piece vane assembly 


tungsten or molybdenum wire is then fed at a predetermined 
rate into the flame, where it is vaporized and blown against the 
base metal by compressed air 

(a) Tungsten on Copper. It was not possible to spray pure 


When 
thoriated tungsten was sprayed on a 0.450 X 7-in. copper face 


tungsten metal on copper and form a substantial bond. 


it was possible to obtain about 0.005 in. of “packed” tungsten 
particles ranging in size from 100 to 500 microns. The coating 
was porous, compared with pure tungsten metal, and could be 
scraped into powder with a metal tool. This sample did not with- 
stand machining into test vanes 

(b) Molybdenum on Copper. About 0.010 in. of porous molyb- 
denum was sprayed on a copper strip 0.017 in. thick. The cop- 
per oxidized heavily, and there was very little bond at the inter- 
face. Better results probably could have been obtained by spray- 
ing in an inert atmosphere. 

(¢) Molybdenum on 403 Monel. This sample had the least bi- 
metal distortion, and a good bond between the metals, with some 
diffusion at the interface. Porosity was similar to that of the 
The sample was clamped and brazed 
Some 


molybdenum on copper [2] 
to a copper backing, then sectioned into testable vanes. 
molybdenum flaked off during machining. 
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Fig. 7 Photomicrograph of section through Linde 
tungsten-on-copper vane 


“flame-plated™ 


Porosity and poor bonding of the metals were the limiting fac- 
tors in the flame-spraying method 


i) 


2 A more elaborate “‘flame-plating’’ setup using higher tem- 
peratures and supersonic particle velocities (developed by Linde 
Air Reduction Company ) was used to spray 0.005 in. of pure tung- 
sten metal on a 0.450 X 7-in. copper face. The tungsten was 
The 
bond to the base metal was excellent, considering that no actual 
alloying took place 


dense and machined as well as ordinary tungsten metal. 


Fig. 7 is a photomicrograph of the sample 
which shows the penetration of the tungsten into the copper 
Also visible is a stratum of voids in the tungsten, which the ven- 
dor claims was caused by the use of two separate spraying runs 
to deposit the tungsten. Test vanes made from this bar have 
not yet been evaluated 

The Linde sample was the most promising of the sprayed-metal 
techniques 

3 Three other techniques studied but not tested, were as 
follows: 

a) Vacuum casting of OFHC? copper on tungsten to form a 
machinable laminate. 

(b) An electroplating method under development by the 
Balic Company for depositing tungsten oxide on copper and sub- 
sequently reducing the deposit to pure tungsten metal. 

c) Machining of vanes entirely from a refractory metal. As 
shown in the following table, the maximum temperatures for the 
faces of such vanes would be higher than those for the laminated 
vanes described in the foregoing 


Solid, Laminated on copper, 
Refractory material deg C 
1595 


1906 


deg C 
1465 
1690 


Tungsten 
Molybdenum 


In such designs copper straps would be distorted by the ex- 
pansion mismatch between the low-expansion refractory vanes and 
the enclosing copper anode. Any tube design based upon the use 
of solid refractory-metal vanes would have to take into considera- 
tion the poor electrical characteristics of this material. Solid 
molybdenum vanes were used in the test anode to be described 


Evaluation 


The next step in the solution of this problem was to evaluate 
experimentally the various materials which had been investigated 
analytically and assembled into test vanes. For this purpose a 
test anode was designed which would allow vanes of the various 
materials to be tested. 

This anode was a split type having 18 permanent molybdenum 
dummy vanes and provision for two demountable test vanes, Fig. 
8 

A cooling jacket was placed around the anode, and thermo- 
couples were installed on the body of the anode. The assembly 
was placed in a vacuum bell-jar setup, and operated as a diode 
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Fig. 8 Test anode 


with its cathode pulsed at the repetition rate required to meet the 
analytical conditions. Peak powers of the order of 7.04 megawatts 
per sq in. were obtained for very short durations. Although these 
tests were conducted for comparative purposes rather than for 
absolute results, it was difficult to maintain conditions suf- 
ficiently stable to permit precise evaluation of the results. How- 
ever, enough conditions were held approximately constant so that 
the following comparison between the various materials can be 
made. The peak power inputs for the various tests, varied from 
5.61-7.04 megawatts per sq in 
120 sec. 


The relative durability of the test vanes was evaluated by 


This power was held from 2 to 


numerical integration of the erosion of each vane and correlation 
with the power-time exposure in the test anode. The depth of 
erosion at the side of the vane was measured at 0.01-in. intervals 
along the vane length, and the total erosion area in this plane 
was then approximated by Simpson’s rule. Because in many in- 
stances the erosion varied across the vane thickness the integra- 
tion was repeated for the opposite vane face and the areas 
summed 

The total erosion thus measured was an index of the relative 
durability of the vanes tested and not an absolute indication of the 
volume of metal eroded. Because of the varying eccentricity of 
the test cathode during each test, one vane of each pair being 
tested was usually more heavily eroded than its diametrical op- 
posite in the anode. The relative durability was then determined 
from the average erosion of the two vanes 

Relative durability of the vanes is defined empirically as 


Ppxt 


J 


os 


peak pulse power, megawatts per sq in 
time, sec 
o = relative erosion 


uu relative durability index 


Since each set of vanes was pulsed at varying power levels for 
different lengths of time, the @pxt product for each test was ob- 
tained by summing the individual products for each power level 
The resulte 


during the test ire shown in Table 2. The test 


vanes of sprayed tungsten and Hevimet were not evaluated 
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Table 2 Relative durability of vane-face materials 


Power-time 

product, Relative 

opt mw- durability, 

sec/sq in m 
5000 1 180 
2829 740 
1490 0.537 
350 0.094 


Units of erosion, 
Vane Vane 
No. l No. 2 
Tungsten 16 368 
Molybdenum Nil 517 
Llkonite 20W3 632 
Klkonite 1W3 2875 
( opper* 

dows) 
Copper 


Vane-face material 


(no Wi»- 
337 727 0 350 
2650 691 0 O77 

* Results for this solid-copper vane are included as a matter of 


The durability factor, however, cannot be 
directly with those of the other vanes tested 


interest compared 


Conclusion 


The experimental values of 4 compare well with the analytical 
results. The tungsten-faced vanes are roughly two orders of mag- 
nitude better than copper. Although this improvement could 
have been anticipated from the calculations and from the high 
melting point of tungsten, it was felt that because the thermal 
conductivity of tungsten is so much lower than that of copper, the 
temperature rise might outweigh the high melting point. The 
experimental data, however, verified the analytical work. On the 
basis of these results the thickness of the tungsten face was re- 
duced from 0.014 to 0.009 in. Subsequent tests of the new design 
showed no erosion at full power. 

The results for the Elkonite disproved the original assumption 
of a sustaining tungsten lattice, and indicated instead that the 
copper content of these materials is the bond for random tungsten 
particles. Therefore it might be possible to produce a more 
durable tungsten-copper combination by use of a technique em- 
ployed in machining certain types of impregnated cathodes; that 
is, by first pressing and sintering pure tungsten to the desired 
density, then impregnating with copper. 

Contrary to the plotting-paper analog result, most of the ero- 
This intense localized 
erosion is attributed to the peculiarities of the test diode rather 
than the thermal block formed by the windows, because solid 


sion occurred over the window areas 


vanes without windows were most heavily eroded in the same 


area 
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Making the substitution A = Dien)? 


2(kt)' 
d(t — nx*/4KX?*) 
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The most important case is for z = 0, that is, the face of the 
vane. 
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The Failure of Structural Metals 


R. W. SWINDEMAN 
D. A. DOUGLAS 


Subjected to Strain-Cycling Conditions 


Data showing the isothermal strain-cycling capacity of three metals, Inconel, Hastelloy 


Metallurgy Division, Oak Ridge 
National Laboratory, 


Oak Ridge, Tenn.' z 
. failure, €, 


B, and beryllium are presented. 
data satisfied an equation of the form Ne, = K, 


It is noted that at frequencies of 0.5 cycle per min the 
where N 1s the number of cycles to 


is the plastic strain per cycle, and a and K _ are constants whose values 
depend on the material and test conditions 
effect of grain size, specimen geometry, temperature, and frequency 


Data on Inconel are given to establish the 
It ts found that, at 


temperatures above 1300 F, grain size and frequency exert a pronounced effect on the 


rupture life. 
material. 
cycle is low 


types of tests 


Introduction 


M. -Y OF THE failures encountered in engineering de- 


vices result from dynamic loads which are imposed on the struc- 


Most 
the result of rapidly 


ture either mechanically or thermally. often, fatigue 


failures are considered to be fluctuating 
stresses which introduce damage in the material on a very micro- 


rt il 


Straining of the meta 


scopic scale low-temperature fatigue, no bulk plastic 


can be discerned. However, at elevated 


temperatures, where relaxation of stress can occur, measurable 


amounts of plastic strain may be induced during each stress re- 
: 


versal Chis is particularly true in the case of restrained struc- 


tures when thev are 


subjected to large thermal fluctuations 
Quite oft der such conditions, the thermally induced stresses 
occur over long time cycles and are large enough to 
exceed the elastic limit of the metal Thus in studying the be- 


havior of materials loaded in this manner it is more meaningful 
to think of the metal as experiencing a number of strain reversals 
which ultimately lead to failure, rather than to attempt to bas 


It is this probler 
of thermal! strain fatigue which will be discussed in this paper 


such failures on an indeterminate stress state 


Recent studies have revealed that the plastic-strain history of 


metal under dynamic load conditions provides extremely useful 
data for calculating the metal! life consumed and the service life 


remaining under expected operating conditions. This idea was 


Manson il 


by Coffin [2] by thern 


conceived by 2? and then demonstrated experimental] 
ally cycling stainless steel under conditions 
of restraint until failure occurred. The relationship between plas 
tie stra 
N%e 


and @ and 


and cycles to failure was found to be of the form 
K where N is the cycles to failure, €, is the strain per cycle, 
” are eonstants which depend on the material ind test 


conditions 


1 Ope rated by i ‘arbide Corporation for 
(ommussion 

2 Numbers in brackets designate References 

Contributed by the Metal 
at a joint session with the Joint 


at end of paper 
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of Temperature on the Properties of Metals at the Annual Meeting 
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understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, September 
2, 1958. Paper No. 58—-A-198 
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Fine-grained metal survives more cycles before failure than coarse-grained 
Long time cycles shorten the number of cycles to fatlure when the strain p 

Thermal-strain-cycling data for Inconel are compared to strain-cycling 
data at the same mean temperature 


Good correlation is found to exist between the two 


Most of the subsequent work has been within the temperature 
range where the rate of work-hardening was appreciably greater 
than the recovery rate. The work to be discussed in this presenta- 
tion concerns metals at temperatures where creep and relaxation 


ire the dominant factors. 


Equipment 

The fact that creep and relaxation are dominant in the tem 
perature range of interest made it both feasible and attractive to 
substitute mechanical loads for thermal fluctuations as a means of 
producing strain cycles. The apparatus used at the Oak Ridge 
National Laboratory has been previously described in detail [3, 4] 
and is represented by the schematic drawing in Fig. 1. By use of 
pneumatic pressure on the piston, strain in tension and « ompres 
The 


strain amplitude is controlled either by a rigid reference mem 


son can be imposed on both rod and tubular specimens 


ber or by a motion-transmitter device which actuates solenoid 


ilves, when the strain reaches a preset value The plastic train 


bleeding off ill pres 


in be measured in any desired cycle by 
sure in the piston chamber and directly reading the displace 
As part of this 
investigation, additional testing of specimens is being carried out 
it the University of Alabama under the direction of Dr. W. D 
Jordan of the Mechanical Engineering Department 


ment from the zero position of the dial gage 


In this pro 
gram, which is sponsored by the ORNL, tubular specimens are 
thermally cycled in test devices which are modifications of the 
Thus b 
ing each of these types of test apparatus, it is possible to 


one described by Coffin [5] in his original work itiliz 


explore 
separately the effects of material variables, thermally and me 
chanically produced strains, geometry of specimen, temper 


ture 
' itur 


and frequency 


Results and Discussion 

Most of this investigation has been conducted with Inconel as 
the test material: however, a few tests were made using Hastelloy 
8B and beryllium. Thus representative data can be compared 
between metals of quite widely different degrees of strength, duc- 
tility, and fabrication history. In Fig. 2 are conventional plots 


of the plastic strain per cycle €, versus N, the number of cycles 


to failure. The co-ordinates are plotted on logarithmic scales 
so that if Manson’s relationship N%e, = K is satisfied, the data 


points should define a straight line It is ipparent that this con 
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Fig. 1 


dition is satisfied for each material, but it is also evident that there 
is a variation in the slope of the line from one metal to another. 
These slopes are approximately +0.58 for Hastelloy B, +0.76 for 
Inconel, and +0.81 for beryllium. Such values are in contrast to 
the findings of Coffin [6] who shows a to be very nearly +0.5 for 
several different metals, all tested at temperatures below 1200 F. 

It also has been noted that, for any given material, K can be 
varied by changes in the metallurgical structure. Fig. 3 is a plot 
of the strain-cycling properties of Inconel rod specimens ma- 
chined from the same heat but differing in the annealing treat- 
ment before test. The specimens given an anneal of 1650 F had 
a finer grain size and were much more resistant to fracture than 
the specimens given a 2050-F anneal prior to test. Comparative 
data for rod material at 1300, 1500, and 1600 F, which has been 
reported previously in the literature [4], indicate that grain-size 
effects are most pronounced at 1500 and 1600 F. At 1300 F, 
however, coarse and fine-grained materials have nearly identical 
strain-cycling properties. Inconel is a solid-solution-type alloy 
which is not subject to phase changes or aging reactions so that 
this difference in behavior seems clearly dependent on the relative 
grain size. It is also noteworthy that the slopes of the two lines 
are parallel and thus the a-value is consistent for both types 
of specimens. 

The question of whether specimen geometry seriously affects 
the strain-cycling properties also merits consideration. In Fig. 4, 
the strain-cycling properties at 1500 F of rod and tube specimens 
are compared. Tube data fall slightly short of the rod curve but 
this may be attributed to two factors: 
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a) There is a difference in 
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Strain cycle apparatus 


the method of sensing failure inasmuch as the tubes are considered 
to fail when the first crack propagates through the wall whereas 
rods are tested to complete failure; (b) the rod specimens possess 
a slightly finer grain size than the tube specimens. The tube data 
shown include test results from two different heats of meta! and 
the agreement indicates that the cycling properties are not par- 
ticularly sensitive to small variations in alloy composition. 

Naturally one of the most important considerations in regard 
to test variables is the influence of temperature on the number of 
cycles to failure. This is particularly important where it is de- 
sired to apply isothermal mechanical strain-cycling data to de- 
sign problems where thermal cycling is involved. In Fig. 5 are 
plotted the results for tests at 1300, 1500, and 1600 F. The band 
represents the scatter of points obtained on an extensive test 
program of tubes and rods at 1500 F. Nearly all of the data for 
rods at 1300 F and tubes at 1600 F fall inside this band. The 
1600-F rod data fall consistently above the band, but this is due 
to the grain-size effect previously mentioned. It appears, there- 
fore, that within this particular range there is no major change in 
fracture behavior as a function of temperature. The fact that 
Inconel is metallurgically stable, that no grain growth occurs, and 
that the deformation mechanism is uniform throughout this span 
are important points to bear in mind when considering these re- 
sults. 

Since temperature appears to have no major influence on the 
number of cycles to fracture from 1300 to 1600 F, it would appear 
reasonable to expect mechanical strain-cycle results under iso- 
thermal conditions to correlate with those obtained by thermally 


Transactions of the ASME 








¥ 


YCLE ( 


L 


@ INCONEL, 45O0°F 
© HASTELLOY "8" 1650°F | 
4 BERYLLIUM, 1250°F 


05} 
o> SS ee ee)! ee ea Se Ge SSerrte SSSR RTE Tt 


0.1 10 1000 
N, CYCLES TO FAILURE 


i TRUE PLASTIC STRAIN PER 


Fig. 2 Comparison of strain-cycling properties of Inconel, Hastelloy 8, and beryllium 





PER CYCLE (%) 


RAIN 


@ FINE GRAINED RODS 
0 COARSE GRAINED RODS 


Fig.3 Effect of grain size on strain-cycling properties of Incone! at 1500 F 


RODS 

TUBES (HEAT A) (ij J iii 
TUBES (HEAT B) tt ) a am eS 686 
TUBES TO COMPLETE RUPTURE +}+ 
SCATTERBAND |1), TT 


Fig. 4 Strain-cycling properties of Inconel tubes and rods at 1500 F 


Journal of Basic Engineering yune 1959 / 205 





% 


YCLE 


rs) 


wn 


4 41300°F RODS 
@ 4600°F RODS * 
© 1600°F TUBES 
15O00°F SCATTERBAND, 
ROOS AND TUBES tt 
ror , aw T 
+ + + +oeee+ + + jeeesi 
+ + +4 te+4+ rt 


$4444) + +444} 


N 


TRUE PLASTIC STRAIN PER 
° 
uO 


°o 
™ 


| 
a 
Lud 





aan 
Lit 


° 





{ 10 


1000 


NW, CYCLES TO FAILURE 


Effect of temperature on strain-cycling properties of Inconel! 


THERMAL, 
THERMAL, 
oo WE 


1300°F MEAN 
15O00°F MEAN 
HANICAL : 


AND 1600°F DATA 


4000 


N, CYCLES 


SCATTERBANL 
WHICH COVERS 1300, 1500, 


4 


TO FAILURE 


Fig. 6 Comparison of thermal and mechanical strain-cycling properties of Inconel 


cycling about a corresponding mean temperature. 
data illustrating the validity of this assumption. The thermal 
excursions about the 1300 F mean covered the range from 1000 to 
1600 F. At the 1500 F mean the temperature extremes were 1400 
and 1600 F 
stabilities a metal responds to the mechanically produced strain 
in the same manner as to one thermally induced. 


In Fig. 6 are 


It is evident that in the absence of metallurgical in- 


Frequency 


One very important variable to be considered in studying the 
effect of dynamic loads on the behavior of metals at elevated tem- 
peratures is that of frequency. It is well known that the test fre- 
quency can be changed over a wide range without producing a 
marked effect on the S-N curve in low-temperature fatigue tests. 
On the other hand, several investigators have found that fre- 
quency does exert an influence on the cycles to rupture at high 
temperatures. This is especially true at lower frequencies where 
Moore and Alleman [7} 
have conducted fatigue studies for 0.17 per cent carbon steel at 
1200 F employ ing two frequencies; 


creep or relaxation may become active 


namely, 200 and 2500 stress 
cycles per min (cpm). Specimens cycled at the high frequency of 
2500 cpm, outlasted the low-frequency test by a factor of 10. 
Hyler [8] has conducted fatigue studies on Inconel at 1200 and 
1600 F, using frequencies of 60 and 600 epm 
sentially no difference in the S-N diagram at 
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appreciable frequency effect was seen at 1600 F. Specimens cy- 
cled at 600 cpm endured 10 times more cycles than those at the 
lower frequency. Fatigue studies on lead have yielded similar 
results. Dolan [9] reports data for reversed-flexure fatigue tests 
on lead at room temperature for frequencies of 1, 6, 44, and 248 
epm. Curves relating the strain per cycle and the number of 
cycles to rupture were determined for each frequency. A com- 
parison of the curves revealed that the cycles to rupture increase 
with increasing frequency. Unfortunately the strain values range 
only from 0.1 to 1 per cent and the reported strains include both 
elastic and plastic components 

Since the plastic strain per cycle was not determined in any of 
these studies, the direct use of these data for studying the fre- 
The 
results, however, raise the question of whether or not the dif- 


quency effect on the strain-cycling behavior is not possible 


ference in the plastic strain absorbed could explain the variation 
in properties with frequency. Since plastic strain is generall) 
considered a reliable measure of damage to a structure it would 
appear that specimens strained within the same limits of plastic 
deformation should survive an equivalent number of cycles before 
fracture, regardless of the rate at which the strain is introduced 
However, since design problems involving temperature fluctua- 
tions are often concerned with slow thermal cycles, a series of 
tests to investigate frequency effects was initiated. 

The majority of the data discussed previously was obtained 


using a constant load, thus the specimen creeps until the limiting 
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strain condition is reached in the desired time interval. This 

type of test is quite easy to regulate for short time cycles, but the 

prescribed load required to produce specific strains in 10 or 30 

ne FLEXOPULSE min is difficult to obtain. Thus a slight modification of the 
INDICATOR ! equipment was made to provide adjustable but rigid reference 
| 10 PRESSURE SOURCE limits as shown in Fig. 7. In this test the specimen is strained to 
- ———> the selected limit very rapidly and held at this strain for the 

| TO PRESSURE SOURCE selected time interval. During this period the elastic strain is 

f b=5> SOLENOID VALVE gradually converted into plastic strain by the relaxation process. 
It is therefore quite simple to control frequency and vary it from 





PISTON | guid | Ak times as short as '/, min per cycle up to whatever time cycle seems 





practical. The plastic strain in any given cycle can be measured 
as before by releasing the load so that specific values are obtained 


CYLINDER j ? ce é 
= ~_ os PRESSURE In Fig. 8 is a comparison of results obtained by the creep method 
T i_} | SWITCH 

| 

J 





| and the relaxation method. Since creep and relaxation are mani- 
SOLENOID? -{_)}- festations of the same deformation phenomena the excellent cor 

CASEMENT VALVE ay TIMER relation shown between the two types of tests was expected 
| Fig. 9 presents the data from a series of tests at 1500 F using 
’ the standard 2-min-per-cycle period in comparison with results 
TO PRESSURE SOURCE when a 30-min-time cycle was used. At the high percentages of 
plastic strain per cycle, good correlation exists, but a significant 
deviation is clearly shown for the low strain values. The data for 
1650 F at 30 mpc follow a trend similar to that at 1500 F, but at 


SPECIMEN ‘ * 
—— 1300 F, as shown in Fig. 10, the only test point which falls outside 








Lod 


of the 2-min-per-cycle data occurs below 1 per cent strain and 
Fig. 7 Strain-cycle apparatus (modified) even here the deviation is not appreciable 
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Fig. 8 Comparison of strain-cycling properties of Inconel subjected to creep and relaxa- 
tion cycles at 1500 F 
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Fig. 10 Effect of temperature on strain-cycling properties of Inconel tested at 30 min per cycle 


There is, of course, considerable engineering interest in the fact 
that, for the same amount of repeated plastic deformation, a metal 
subjected to slowly fluctuating loads will survive for only a frac- 
tion of the cycles of a specimen cycled more rapidly. This is 
especially important since the frequency appears to exert the 
greatest influence for values of strain below 2 per cent which are 
also equivalent to the thermal strains most often encountered 
during service. There is no evidence to indicate that the longer 
thermal exposure encountered in the low-frequency tests is detri- 
mental so it must be concluded that the mechanisms controlling 
fracture at high temperatures are strongly influenced by time as 


well as plastic flow 


Conclusions 
This the of 
metals under dynamic loads reveals the following significant 


investigation into re behavior 


lugh-temperatu 


points 


K 


elevated temperatures providing that the cycle time is relatively 


| The relationship N“e, = is verified for several metals at 


short The exponent @ is found to be dependent on the material 
+0.58 to +081 
exhibited a slope of 


and varied from Since many metals have 
+0.5 in low-temperature tests the greater 
slopes seen at the high temperatures indicate a dependence on 
temperature or deformation mechanism rather than directly on 
material composition. In this study Inconel is shown to have no 
significant variation in @ over a 300-F range, which suggests that 
the deformation mechanism is the major factor affecting the slope 
Thus there may be a break in the strain-cveling curve similar to 
The 


K-factor is found to be changed significantly by changes in grain 


the one observed for the equicohesive temperature In creep 


size; thus it is believed that the displacement of the rupture curve 


can be 
> 


attributed to metallurgical changes 

Metals respond in the same manner to plastic strain 
whether it is introduced by thermal changes or mechanically im- 
posed loads. This statement must be qualified to the extent that 
the deformation mechanism and metallurgical structure must not 
be altered by the temperature fluctuations 

3 There isa marked change in the number of equivalent strain 
cycles a metal can survive as a function of the rate at which the 
strains are reversed. This phenomenon is apparently confined 
to the high-temperature region and establishes the fact that 
plastic deformation is not the sole mechanism controlling the 


fracture life of a metal 
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DISCUSSION 
L. F. Coffin, Jr. 


The authors have presented a 
paper on the resistance of 
There 


contained 


most interesting and timely 


metals to evelic strain at very 
high temperatures 
to the 


thermal and mechanica 


two points of particular interest 


writer paper, one the comparison of 


data and the other, the 
effect ol speed ol ling t tte V ele Tati 


veling 


gue resistance ol 


metals 
With 


strain eycling 


respect te ind mechanical 
iuthors find the 
The 
latigue 
basis of the plastic 


muparison ol thermat 


it is re ring to note that the 


differences encountered to be small, Fig. 6 writer has 


und thermal strain 
of AISI Type 347 stainless ste the 


compared the mechanica resistance 


6! on 


3 Metallurgy 


~ 


rch Department, General Electric 
ASMI 


und Cer 
Compan t 
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difference in behavior be- 
such that for a given plastic 
tests at 350, 500, and 
1umber of cycles to failure than test 


strain range and found a noticeable 
tween the two types of cycling 
strain range, the constant temperature 
600 C withstood a greater 
specimens subjected to constrained cyclic temperature, the mean 
value of which was 350 C. It is of interest to note further that 
the curves of plastic strain range versus cycles to failure were in 
all cases straight lines having the slope of —1/2. This is equiva- 


lent to a 1/2 using the authors’ notation. The causes of pos- 
sible differences between the two types of tests were discussed in 
detail [6 


be equivalent in terms of the plastic strain range 


to justify the belief that the two types of tests should 
Included were 


such factors as difference in specimen material and geometry 


such as size and surface area, and temperature distribution. It 
appears to the writer that the same sources of difficulty exist in 


the present tests. In particular longitudinal temperature varia- 


tions in the thermal stress tests lead to unmeasured strain con- 


centrations. Thus the conclusion that response of the material 
to these two t pes of strain is not felt to be fully justified Be- 


fore complete confidence can be placed in the assumption of the 


equivalence in mechanical and thermal cycling tests, still greater 
care will be required than heretofore in performing the compara- 
tive tests 


With respect to the effect of frequeney of cycling, or more ac- 


curately the hold time, on the low yele fatigue resistance of 


metals, the presentation of information in 
That the 


cycling was noted by the writer (Reference [2], Fig. 26) for 
type 347 


this area 1s most 


welcome hold time in thermal 


AISI 


been giving more 


could be important 


stainless steel tecentiv we have 


attention to this problem, particularly since it is of such impor- 


tance to systems subjected to intrequent reversals in loading 


which operate at temperatures where time-dependent processes 


are important This may be of interest here, particularly since 
it might help to clarify differences in the exponent @ from 0.5. 

It has been observed |6, 10)* that. for a large number of metals, 
cyclic-strain fatigue data can best be represented by the relation- 


ship N" *Ae, ( 


test (provided time-depr ndent processes are not operative 


regardless of the metal, the temperature of 
, and 
Further, the constant C could be deter- 


mined by substituting, at \ 14 


the manner of testing 
the fracture ductility defined 
Thus 
fatigue curve could be rehably predicted Irom & 
knowledge only of the ductility 
Although it is not now known why 


as the true strain at fracture for the plastic strain range 


the low evel 


fracture and the slope of —1/2. 
Buch a relationship bet ween 
evelie and monotonl 


loading exists, nevertheless considerabl 


use can be made ot the fact 

In the case of materials subjected to cyclic strain at tempera- 
tures where creep and other diffusional 
ulate 


It is well known th: 


processes can occur, it 


is of interest to spe as to the reliability of the 


above rela- 


tionship it the ductility of metals obtained 
from a stress rupture test is generally reduced as the time of test 
is increased, although eventually the ductility may again rise 
It would be expected then that the ductility changes should be of 
influence in low cycle fatigue tests when the time for failure in 
low cycle fatigue Is comparable to those producing ductility de- 
creases in stress rupture. This is particularly so, since, during 
the hold time, the deformation process is predominantly relaxation 
and hence time dependent. Thus a knowledge of the ductility- 
time for rupture behavior at any temperature would be of value 
in predicting the fatigue resistance of metals where failure times 
become long. In Fig. 11 is shown a construction which may be 
of benefit in ¢ \plaining how the ductility decrease would affect 
the cyclic plastic s rain-cs To the left at 


V = 1/4, the open circles represent the ductility at various rup- 


cles to failure curve. 


¢ Numbers from 10 to 12in brackets designate additional References 
at end of this discussion. Other } brackets 
References at end of the paper. 


unbers ir designate 
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ture times 7), Ts, Ts, ANG 7,4 Ihe dashed lines represent the ex- 


pected fatigue curves for the particular ductilities at these times 
For a particular series of low cycle fatigue tests where each test 
a different time, the 


lasts actual result would be given by the 


solid line. This is obtained by finding, for a particular plastic 


strain range, that dashed line curve whose ductility is equal to 
the rupture ductility of the metal obtained for the same time as 
the cyclic test, and determining from this curve the cycles to 


failure. The triangles in Fig. 11 represent such points, through 


which the solid line is drawn 


EFFECT OF TIME-DEPENDENT DECREASE 
IN DUCTILITY OW CYCLIC STRAIN 
RESISTANCE 
= ACTUAL CYCLIC 
™~ STRAIN RESISTANCE CURVE 
~ 


PLASTIC STRAIN RANGE 


fy 


~ 
jCYCLIC 7 
RESISTANCE 
~_ lies 
~ 
| VARIOUS 
| FRACTURE 
J OUCTILITES 
= a 
0,00€ 
CYCLES TO FAILURE 


Fig. 11 


Thus for high temperatures where, as the authors clearly point 
out, time-dependent mechanisms occur, it would be expected that 
the value of a@ would increase from 1/2 to some higher value, 
The fact that all of the 
a for Inconel are above 0.5 supports this point of view 


ther, that 


depending on the hold time values of 


and fur- 
is the hold times are further increased from a period 
2] 


ol 2 minutes per cvye le to 30 minutes per evycle, the value of a@ in 


ereases further. It would be of interest to see if a 0.5 for low 


temperatures where time dependent processes are less important 
Further the writer wonders how the fracture ductility values 
defined here appear when plotted on the various curves in the 
tcycles 


With respect to the origin of the relationship N“e 


paper for \ l 
P A for 
predicting failure from low evele fatigue, like many observations 
ind theories it is believed that the form of this rela- 
Manso 


The writer arrived at such a relationship while 


predictions 
tionship was independently developed by Mr and the 
writer attempt- 
ing to show that the total plastic strain to failure was constant 

as it turned out The authors 
ferred to technical reports from the Knolls Atomie Power Labora 


tory ii, 12 


which was not the case are re- 


and prior « lassified progress reports for ¢ arher reter 


ences of this work by the writer 
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The authors have proved rather conclusively the validity of 
the equation se» A 
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as describing the failure line for some 


However, the writer would like to suggest mathe- 
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matical approach to the problem of fatigue while at the same time 
reminding the reader that the theory has been developed for the 
idealized case of fatigue of a single crystal. In its present form 
when not considering the stress gradients within the entire speci- 
men it is suggestive of a very high endurance strength at low 
number of cycles for a single crystal. It is hoped that in the 
near future it will be possible to modify the theory to apply it to 
aggregates of crystals 

The present theory is based upon the knowledge that on each 
cycle of stress (safe or unsafe) slip occurs between atomic lattices 
along planes of maximum atomic density. The number of such 
slippages taking place and the extent thereof depending upon the 
stress present and the number of stress reversals preceding the 
given event [13, 14] 

On every stress reversal some atomic aggregates interlock on 
screw and edge defects precluding further slip along those planes. 
For each atomic lattice which interlocks more strain must be 
absorbed by the remaining lattices. Stated more precisely: 

The number of atomic lattices moving on any stress cycle n 
is inversely proportional to the number of lattices X which have 
not moved. That is, as the number of lattices remaining un- 
moved diminish, the numberof lattices movingon each subsequent 
cycle increases 

For a given crystal made up of a large number of such lattices 
failure occurs when all the atomic lattices have moved and inter- 
locked on screw or edge dislocations and no other slip is possible 

In stating this mathematically: 


Let: B equal total slip (i.e., fully work-hardened) 

4 equal amount of slip (strain) taking place on the first 
cycle being a function of temperature, stress applied, 
and rate of application of stress 

X equal amount of slip after n cycles 

n equal the number of cycles 


Thus 


B 
‘ 


is the number of crystals changing on any cycle 


dX iB 
dn Xx 


dX being the amount of slip taking place in the given cycle : 
dn being one cycle in this cause, 
Then: 
X dX 
Integrating 
Xx? 2ABn 
Evaluating constant C, 
when X¥ = B,n = 0, therefore C; = B*/2 
Hence: Substituting constant in equation (2) becomes: 
X? = —2ABn + B? 


At failure all the lattices have undergone slip (i.e., X 
Equation (3) becomes: 


For n equal 1, i.e., the first eye 


B 


B , 
Stated in another way, if A 2 — the part fails on the first cycle. 
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Now let S = the stress applied 

As stated A, the amount of slip on the first cycle, is proportional 
to the stress applied.® 

Therefore let A = 

For failure criteria: 


K (constant): S 
S-n curve) 


B 
2( KS) 


Since B, the total number of atomic lattices present, is not 


B ’ — , 
known, let K equal ; since B is constant, K is still 
some number 
constant 
/.quation (5) becomes: 


B number 
B 28 


2 °S 
number 


To further amplify this theory it will be assumed that the 
crystals of some metals (such as steel) have an endurance limit 
That is, if the stress applied to a crystal is sufficiently low no slip 
will occur (internally) along the edges of atomic aggregates 

Thus let So equal endurance strength of a crystal, and n be- 

some number 
comes = ° 


ys 


Y 


Do) 


The discusser wishes to acknowledge the assistance of Professor 
Bickley of the Mathematics Department of Imperial College, 
London. 
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Walter Sawert’ 


The authors are to be congratulated for their fine contribution 
on the subject of low cycle fatigue strength. The results of their 
work indicates that many variables have to be considered to 
answer intelligently the question, ‘‘How many reversed plastic 
strain cycles can be tolerated for a component under expected 
operating conditions?”’ 

The authors do not elaborate on some items which could be 
important to many readers This may be due to the necessity 
for condensing their work for publication.) For example, in their 
graphs the authors plot €,,, true plastic strain per cycle, versus \, 
cycles to failure. How is true plastic strain per cycle defined? 
\lso, one gets the impression that the measured plastic dis- 
This 


plastic strain, would be valid only 


placement Al has been divided by a given gage length. 
procedure, to compute true 
under two assumptions: 
(1) The 
is uniform 
(2) The 


length. 


axial temperature distribution over the gage length 


plastic straining is uniformly applied over the gage 


The second assumption might be correct for small plastic 
strains up to about 10 per cent, but probably not at 100 per cent 
for a'/,or */,of acycle 

Since grain size effects are pronounced, what are the actual 
grain sizes of “coarse and fine grain’’ specimens? 

* Gough and Cox found that the spacing of slip bands is approxi- 
mately inversely proportional to the intensity of the shear stress. 


7 Mechanical Metallurgist, EOS-JED-AGT, General Electric Com- 
pany, Evendale, Ohio. Mem. ASME. 
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Authors’ Closure 


The authors appreciate Dr. Coffin’s comments, which amplify 
several points discussed in the paper. 

One aspect with which Dr. Coffin appears to take issue is the 
behavior of metals under conditions where strains are induced 
thermally as opposed to mechanically induced strains. As 
pointed out in our paper, under conditions where metallurgical 
stability exists over the temperature range of the test, the metal 
behaves the same, regardless of how the strain is introduced 
The mechanical strain-fatigue data generated at our laboratory 
are compared with data obtained by Dr. W. D. Jordan at the 
University of Alabama, using thermally induced strains. Ws 
agree with Dr. Coffin that a system using resistance heating to 
produce thermal fluctuations will always tend to produce strain 
concentrations. However, Dr. Jordan has established the dis 
tribution of these strains by optical measurements between mat 
kers along the gage of the specimens Also, extensive studies 
were conducted to determine the temperature profile during cy 
cling, and hysteresis loops were obtained by autographically re- 
cording each cycle during the test life. It is a very carefully con 
ceived and executed test program and it is hoped that these data 
will be published in the near future. Thus, the authors feel that 
the excellent correlation between thermal and mechanical strain 
fatigue tests reported in this paper should not be discounted o1 
the basis of the experimental techniques employe 1 by Dr. Jordan 
If Dr. Coffin is serious in his belief that the true strain at fractur: 
in a tensile test and a curve with a slope of —1/2 will describe the 
strain fatigue characteristics of metals, it is difficult to see why it 
should matter whether the additional strains are induced mechani 
cally or thermally 

This brings up a second point in the discussion, which is th 
deviation of the data re ported in this paper from a slope of 1/2 
Coffin inquires if a would equal 1/2 at low temperatures for this 
metal. We believe that this is true, although the upper tempera 
ture limit for such a case is not known. The basis for our belief is 
the data reported by co-workers of Coffin, at General Electric, ir 
which Inconel is shown to exhibit a slope of 
from ambient to 800 F. Thus, the construction sug 
gested by Dr. Coffin to explain the high slopes at elevated tem 


perature in terms of the creep ductilities is of interest 


1/2 in the tempera 
ture range 


It is im- 
portant in this analysis, however, that the strain-cycling ductility 
approach the creep ductility for the same strain rate as N ap- 

Second, if the equation N“e, = K is to hold, the 
creep ductility must 


proaches 1/4 
exhibit a very particular decrease with in 
creasing time 


We have 
ductility obtained in our 


included Table 1 to show the variation in the creep 


laboratory from short-time 


load tests on Inconel rods at 1500 F. 


constant- 
Natural strains calculated 
from gage length and diametric measurements both indicated that 
the ductility 
from about 0.1 


not significantly change in the time interval 
to 10 hr 


If these data were 


does 


employed for the construction propose d by 
Coffin, then the isochronous strain-cycling curve for 7 O.l ha 
l,and?T = 100 would be 
significantly below these curves. 

would therefore exhibit a slope of 
0.1 to 10 hr and thereafte: 


where the isochronous curves are not coincident 


would fall very near-7 10, while 7 
The constant frequency curve 
1/2 for times ranging from 
show a gradual increase in the range 
In addition, one must be cautious in attempting to employ ten 
sile or constant-load creep data in such an analysis. The frac- 
ture ductility obtained from either measurement, gage length o1 
does not truly reflect the ductility which should be as 
When the creep ductility is 
high, the stress increases with the creep strain, thereby shorter 
Moreover, 


concentrations U the 


diametri 


sociated with the strain-cycle life 


ing the life if necking occurs, it will produce strain 


gage length as well as increase th 


I in the neck 


strain rate and the ductility 
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Table 1 


oeceur 


Creep ductilities for fine-grained Inconel rods tested at 1500 F 


- Ductility, « 
Diametric Gage length 
measure- measure- 
Time to rupture, ment, © ment, © 
hr Y/ Y Environment 
0.083 175 49 Air 
0.096 181 54 Air 
0.175 183 74 Argon 
0.594 , 72 Air 
0.71 7 68 Argon 
70 Air 
78 Air 
60 Air 
Argoi 
Argon 
‘ Argon 
Tensile test 2a ‘ Air 
0.05 in/in/min 


2In(P 
€: » it a) 
w= (t) 


In strain fatigue, necking does not normally occur and, for € 


7 


less than 20 per cent the stress is effectively constant througho i 
Thus, we feel that the 


tilities are not adequ ite criteria for pre dicting strain-latigue re 


the test ordinary tensile and creep duc 
sults 

Finally, in regard to the matter of references, the authors wish 
to emphasize that they certainly had no intention of depreciating 
the originality or the significance of the many contributions which 
Dr. Coffin has made in the field of thermal-strain fatigue The 
listed in the order that they came to the authors’ 


relerences are 
this runs the risk of unintentionally 
Actually, the 


National Laboratory have borrowed heavily 


attention and, as always 
slighting some deserving person personnel at the 
Oak from the 


hoth Mr 


both are as 


tidge 
is and information reported in the literature by 

Manson and Dr. Coffin. It is our hope that they 

original and as productive in the future so that we may continue 

to remain in their debt 

suggestions 


How 


1 number of difficulties which we 


The authors appreciate Professor MacConochie 
on a mathematical approm h to the problem of fatigue 
to suggest 


ever, we would like 


are sure Dr. MacConochie is aware of but may not be re vdily ip 


parent to every re ader 


1 It is 
fracture oecurs when each crystal has slipp d(X =B 


issumed that work hardening takes place and that 
8 
Likewise it is assumed that there is a finite endurance limit 


for the metal under study 


at high 


Once again one must remember that 


temperat res where time dependent deformatio ul 


sucl in Ass Imption is not Vv ilid 


Thus the authors wish to caution the reader that one must a 


wavs differentiate between theories which are applicable where 


low-temperature behavior exists in contrast to conditior 


where high temperature or time-dependent flow can occur 


Mr. Sawert’s inquiry regarding the ce finition of the true plas le 


strain per cycle €, is appreciated rhis quantity is considered to 
be the sum of the tensile and compre 


t For greater than one evele 


0 sign 


& While it is 
show some 
work hardening is not always observed 


true that in high-frequency fatigue tests the hystere 

espe inlly at 
More 
increasing evidence that the 


increase after 


ioop may narrowing, in low-cvcle fatigue, 
high temperatures 
over, even at low temperatures 


number of slip planes does not 


there is 
ignificantl]s the fir 


few cycles 


ail 





where linax and lmin are the maximum and minimum lengths, re- 
spectively. For tests lasting less than one cycle, however, where 
the first '/, 
strains must be summed and “normalized” to obtain the equiva- 


Thus 


cycle is in compression, the tensile and compressive 


lent strain in a full cycle. 


oo [o(l) + G)] 9 


where / is the initial length, l, is the length at fracture, and N is 


the cycle fraction. This assumes that the maximum tensile and 
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compressive strains will be the same and that no necking or buck- 
ling occurs. One way to obtain a strain of 100 per cent per cycle 
in a specimen with a '/,-in. gage length would be to introduce 22 
per cent compression and 28 per cent extension. This is without 
regard to whether the specimen ever reaches 28 per cent extension 
from the mean length. Studies have been made of the axial 
strain distribution along the length of creep and strain-cycling rod 
specimens Diametric measurements indicate that no significant 
strain concentration occurs up to 25 per cent extension 

The ASTM grain siz 


tubes were 5 and 1, respectively, and for rods, 7 and 1. 


numbers of the fine and coarse-grained 
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Evaluation of Material Wear and Self- 


R. B. JERMAN? 
R. C. WILLIAMS? 
D. 0. LEESER® 


static loads on the bearing surfaces were up to 10,000 psi 
showed better wear resistance generally than did the sofler materials 
material has a service life depending upon the temperature, unit 


Welding in Sodium-Cooled Reactor Systems 


Laboratory and prototype component tests were made to determine the degree of adhesion 
and self-welding of various bearing-couple materials in liquid sodium 
were run in nitrogen and in argon 


A few tests 
Temperatures were from 300 F to 1000 F and the 
The harder materials 

However, each 
loads, 


nature of 


service, and environment 


Introduction 


a SELECTION OF MATERIALS for reactor vessels, 


piping, and other stationary structural components for a liquid- 
sodium-cooled reactor is based on strength requirements and 
compatibility with the sodium coolant. Since the compatibility 


requirement has been quite adequately satisfied by standard 
stainless steels, the design of such permanent structural elements 
is relatively conventional. On the other hand, 


assumes maintenance and replacement of bearings, 


conventional de- 
sign usually 
whereas in a reactor, replacement of bearings may be prohibitive 
because 


of induced radioactivity Furthermore, bearings oper- 


ating in a sodium-cooled reactor are subjected to the additional 
hazard of galling or self-welding. The liquid sodium will remove 
all traces of film, grease, and oxide from metal surfaces and leave 
the surface in a very active or nascent condition which will pro- 
mote the adhesion of two mating material surfaces by providing 
optimum conditions for interdiffusion or self-welding and galling 

The critical nature of the bearing problem along with the lack 
of basic test data has prompted designers of both water-cooled 
and liquid-metal-cooled reactors to essentially bypass the bear- 
ing problem This has been accomplished by an often awkward 
placement of bearings in low-temperature regions of the reac- 
tor, which are usually well above the liquid media. Low loads 
and low speeds have also been dictated to insure an adequate 
trouble-free life. 

Because of the extreme necessity for positive operation of in- 
ternal moving parts, the Atomic Power Development Associates, 
Inc., (APDA 


and self-welding of bearing surfaces 


initiated a series of tests to investigate the galling 
The program consisted of 
group of laboratory tests conducted by the Allis-Chalmers Manu- 
facturing Company ind i group ol component and prototype tests 
performed in the laboratories of The Detroit Edison Company 
Allis-Chalmers Manufacturing Company, and Argonne National 
Laboratories 


Laboratory Tests 


| Experimental Procedure and Test Equipment 
The principal objec tive of the laboratory tests was to deter- 
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Contributed by the 
the Annual Meeting 
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Nott papers are to be 
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ber 6, 1958 Chis paper was not preprinted 
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mine the adhesion characteristics of various bearing-couple ma- 


terials, when subjected to slow speeds ind moderate bearing 


loads in liquid sodium. Some additional tests were run in argon 


and in nitrogen gas. Two types of tests were used; one was a 
static load test, under liquid sodium at an elevated temperature, 
to investigate the tendency for direct adhesion. The other type 


of test was essentially identical, but an intermittent small-angle 
twist was applied while the bearing couple was under static load 
The external appearance ot the apparatus which was 


both the static and the 


used for 
torque tests is shown In Fig | \ ser 
tional view of the ipparatus which identifies the various parts ind 


shows how the lever arm system was used to apply pressure to the 


bearing-couple sample is given in Fig. 2. The desired pressure 
was maintained on the bearing couple by the tension of the spring 
scale The 
Fig. 2, as “specimen cap 


ind the table 2 in 


two halves of the be iring couple ire identified, in 


and “specimen t ible the cap is Linch 


in diameter 
After thoroughly 


degreasing and cleaning the specimens and 


test apparatus, the unit was assembled, purged with nitrogen, and 


Fig. 1 Sodium-weld test apparatus 
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Fig. 2 Section view of weld test apparatus 


filled with liquid sodium through a tube at the bottom of the 
unit to a level of 3'/; in. above the bearing-couple interface. 

a) Static Adhesion Test. An initial load of 1000 psi was ap- 
plied to the bearing couple and the temperature of the sodium was 
raised to 500 F and held for 50 minutes. The load was then re- 
moved and the force necessary to lift the cap from the table was 
measured, This procedure was repeated at 100 F increments, 


holding the load each time for 50 minutes at temperature prior to 
determining the adhesion of the cap; 10 additional minutes were 


allowed for raising the temperature. After the 1000-psi load se- 
ries was completed, the 500 to 1000 F temperature cycle was run 
it 2500, 5000, and 10,000-psi loads. The test was discontinued 
when the 10,000-psi load at 1000 F was reached or when welding 
occurred, whichever was sooner. 

(b) Torque Tests. The same equipment and temperature-load 
cycles were used for a series of torque tests. The load and tem- 
perature settings were obtained in the same manner as for the 
static-adhesion tests. When the ambient conditions were reached, 
the cap part of the bearing-couple was rotated 90 degrees with re- 
spect to the table by turning the cap through two 45-deg incre- 
ments with a 30-sec interval. The cap was turned by means of a 
hand torque wrench applied to an external hexagonal nut which 
was attached to the specimen cap through an extension rod, see 
Fig.2. The torque loads were read from the 24-in. torque wrench. 
After 50 minutes at temperature, the cap was once again rotated 
90 deg, with respect to the table, in 45-deg increments at 30-sec 
intervals. This procedure was repeated at the succeeding tem- 
perature levels up to 1000 F and at the pressure levels up to 
10,000 psi, or until seizure occurred. 


it Test Specimens and Materials 


The general design of the bearing-couple is shown in Figs. 3 and 
t and consists of the flat surface of the cap pressing against the 
flat top of the table. Each specimen contact surface was given a 
63-rms finish prior to testing; the hard materials tested were 
ground while the softer materials were machined to this finish 
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The hardness of all materials was taken on the as-received condi- 
tion, unless otherwise specified 


The materials chosen for were all 


listed in Table 1, 
known to have satisfactory corrosion resistance to high-tempera- 


ture liquid sodium. 


testing, 


The test specimens were fabricated entirely 
of the base material, and in the cases of surface treatment the test 
surfaces were either nitrided, hard-faced, or chromium-plated, as 
indicated in Table 1. The coating of boron nitride in a nickel 
matrix was tested for the dry lubricant properties of boron nitride. 
While this coating was wear tested in an argon atmosphere only, 
several 


static corrosion tests have indicated acceptable com- 
patibility with liquid sodium at 950 F. The special preparation of 


this coating is given in a footnote to Table 1 
iit Experimental Results and Discussion 
Tables 2, 3, 4, 

bearing-couple tests. 


and 5 are test data from four of the 


laborator\ 
These four tests are presented in detail as 
typical examples of the results obtained. While these data indi- 
cate trends of material behavior as a function of load and tempera- 
ture, the actual test values are not considered to be as significant 
is the general physical appearance of the surfaces of the speci- 
mens after testing, see Figs. 3, 4,5, and 6. The post-test surface 
conditions of all of the samples tested are given in Table 1 
with pretest hardness 


, along 
ind the maximum temperature, torque 
ind load levels attained during the individual tests. 

While the significance of the actual numbers obtained from the 
tests, as exemplified in Tables 2 through 5, is not definite becaus« 
of the difficulty in interpreting the data in terms of test variables, 
certain features of the data do deserve consideration as indicative 
of the physical processes occurring during the tests 

(a) None of the bearing couples showed any appreciable tend- 
ency for direct adhesion during the static load tests. Tables 2 


and 3 show a “‘force-to-lift, 


column; the nu- 
merical value of 20 in this column represents an instrumental con- 


1-6 advantage 


stant, and the deviations from 20 are not considered significant 


Presumably, the temperature, times, and bearing pressures inves- 
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tigated were insufficient to precipitate self-welding, however, the 
time variable alone could completely alter the results. 

(6) The torque test was a more severe test than the static ad- 
hesion test. The results show the influence of at least two varia- 
bles. The data in Table 1 show the generally improved resist- 
ance to galling of the harder materials, although specimen No. 5, 
as compared to either No. 6 or No. 14, does not follow this gen- 
eralization. Sample No. 14, however, is complicated by two 
other factors; first, the superficial Rockwell 15N hardness number 
may not accurately reflect the true surface hardness of the ni- 
trided surfaces, and secondly, the nitrided surface may in itself be 
more resistant to wetting by the sodium or may be less subject to 
galling than a metallic surface. Thus the hardness and the de- 
tailed nature of the surface are found to be important variables. 

(c) The nature of the surface can affect the basic nature of the 
test in another way. If the surface is sufficiently rough for even 
minute particles of metal to become detached, the effect may be 
accumulative and thus lead to widespread galling by an avalanche 
process. Under these conditions, a material susceptible to gall- 
ing might be given a sufficiently smooth surface and be op- 
erated in a totally grit-free environment, and thus show a normal 
life, all the while existing in a metastable galling-susceptible con- 
dition. On the other hand, a material not susceptible to galling 
could be put into service with a rough surface and might subse- 
quently polish smooth, or if accidentally subjected to grit would 
clear itself. Certain of the samples appear to fall into these two 
distinet categories 

Table 4 shows a very pronounced decrease in coefficient of fric- 
tion, for sample 14A, from about 1.4 to 0.04 during testing, and it 
is suggested that this resulted from the polishing down of the 
original 63-rms surface to a smoother surface. Table 5, shows 
some reduction in coefficient of friction for sample 14B, but it is 
not as marked as for sample 14A. Likewise, the physical appear- 
ance of 14B is rougher than that of 14A, as shown in Figs. 4 and 
5. On the other hand, Table 2 shows about a constant coeffi- 
cient of friction for a moderately successful test, sample No. 6, 
and Table 3 shows a rapidly rising coefficient of friction for a 
very poor bearing-couple, sample 8 

(d 
the direct effect of sodium on the characteristics of the bearing- 
couples 


It would be desirable to know something further concerning 


\lthough the data are entirely insufficient to substan- 
tiate a firm statement, the results of tests 15A and 15B show a dis- 
tinct advantage of running this particular couple in sodium rather 
than in nitrogen. Tests 1 and 2 might have provided further in- 
formation, however, since they had differing initial hardnesses 
and both galled quite badly, a further comparison cannot be made 


Prototype Tests 
| Pressure Actuated Valve (Johnson Valve) 


This test, performed at Allis-Chalmers, consisted of repetitive 
cycles of a free piston (diaphragm) pressure actuated valve, shown 
in Figs. 7, 8, and 9 operating in liquid sodium at temperatures 
from 500 to 1000 F. The actual test surface was the 4*/). in 
long, '/1s in. thick Stellite No. 6 hard-faced cylindrical portion of 
a piston sliding in the bore of a Type 347 stainless steel valve 
body. The */s in. long, 5*/s in. OD cylindrical portion of the 
flange located on one end of the piston was also faced with !/,-in. 
thick layer of Stellite No. 6.4 

A total of 800 operating cycles of the valve were performed at 
50 F increments from 500 to 1000 F. Of the total 697 hours im- 
mersion in molten sodium, 219 were used for valve operation. The 
valve was actuated by a system of electrically operated pres- 
sure valves so arranged that the sodium was pressurized continu- 


‘A product of the Haynes Stellite Division of the Union Carbide 
& Carbon Corp 
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ously by nitrogen to the closing and opening chambers. Approx: 
mately 2 minutes’ time was required to complete a full cycle. The 
only difficulty encountered was that of gas lines plugging with con 
densed sodium. It was only the combination of gas line plugging 
and loss of sodium through the solenoid vent valves that caused 
the test to be terminated after 219 hours and 7263 operating cy- 
cles. The sliding surfaces of the valve operated without sticking 
or seizure between 500 and 100 F. 
exposure to heat and to impure sodium, the interior surfaces of 
the valve showed no sign of wear other than light rub marks 
around the bore. 


Other than discoloration from 


Light rubbing was expected, even though there 
was a 6-mil clearance between the valve bore and the piston, par- 


ticularly, when the piston seated at the end of the “closing’’ cycle 
I Quick-Release Pin 


In the early design stages of suitable delatching mechanism fo! 
the APDA reactor control rods, the ball-type release mechanism 
was considered to be of some merit. To prove out the principle 
of operation a standard quick-release pin capable of carrying 4 
The first se 
ries consisted of 500 load-release cycles in air with a 1000-lb ap- 
plied load. The second series consisted of 1000 load-release cy- 
cles in 570 F sodium with a 200-pound applied load. 


10,000-lb tensile load ‘was given two series of tests 


10, was fabricated AISI 
AISI 4130 steel 50 
140 C stainless steel (59 | for the 
and for the pin guide AISI 4140 (40 R 

steel for the air test and chromium carbide (70 R-) for the sodium 
test 


openings for the 


The qui k-release pin 
$130 steel (35 R 
Re) for 


load-carrying balls 


shown in Fig 


hardness) for the pin body, 


the plunger, Type 
| 


and contains four 
balls. These 
the plunger, which is recessed 


The pin body is the tensile member 


load-carrying '/,in. diameter 
balls are locked into position hy 
about ! I, in. Irom its lower edge to form a por ket into which the 


balls 
pressed until the balls retract into the plunger recess. 


retract upon releasing. To delatch, the plunger is de- 

For the load-release tests performed in air at room temperature, 
the quick-release pin was suitably restrained and loaded by means 
A tensile load of 1000 Ib was applied to the pin 


and the plunger depressed until the load was released. The 


of hydraulic jack 


force required to release the 1000-Ib load gradually increased from 
60 lb at the start to about 100 Ib at the end of 500 cycles 
for slight deformation of the pin guide, the 
torily for the total of 500 


Except 
pin released satisfac 
evcles The load-carrying 
plunger, a 
For the 
quick release pin was tested in the apparatus show 


and 12. 


y significant wear 
570 1 


nd pin body did not undergo ar 
load-release tests performed in sodium at 
nin | ‘ 1] 
The equipment is shown with the sodium pot attac hed to 
the bottom in Fig. 11; Fig. 12 shows the ball release mechanism 
at the left. 
The load was applied to the pin by four compression springs ¢ali 
brated to load the pin to 230 pounds. The springs were cocked 
A second level located direct] 
beneath the cocking lever was used to trip or depress the pin 
A total of 1000 cycles were per 
this The 


required to release the pin irom its latched position 


The release mechanism is loaded by the coil springs 


by hand through a lever system 


plunger and release the load. 


formed quickly and efficiently by method fore 
varied 
from a minimum of 20 lb to a maximum of 28 Ib. The pi 
used in the sodium test was made from chromium carbid 
and did not deform as did the AISI 4140 guide used in the air test 
The load-carrying balls were slightly scored by the sharp edges o 
There 


marks on the other parts of the pin as a result of load-release tests 


guide 


the chrome carbide pin guide was no significant wear 


in sodium 


lll Reciprocating Shaft Seal cnd Bellows Seal 


, 


A test unit designed to verify the operating characteristics of 2 
basic seal types; a ring-type pressure breakdown bushing anc 


an expansion bellows, was operated for 10,000 cycles in 500-1 
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Table 1 Material combinations 
Test Ac- —————Max torque 
combination cepta- Pretest Max Max Post-test _ 
no Material bility hardness temp (1 load (2) surface condition 
l 347 Stn. Stl. Cap C 85-86 Kb Welded 
347 Stn. Stl. Table 85-86 Kb 700° 10,000 psi Galled and welded 
2 347 Stn. Stl. Cap Cc 24 : Welded 
In nitrogen 347 Stn. Stl. Table 22 4 700 10,000 psi Galled and welded 
atmosphere 


3 Armco ; 5-50 | Welded 
Stellite No. 6 (3 55-65 500° ,000 psi Galled and welded 
Inconel ‘““X’’ Cap 36 Re 340 High spots polished 
Incone) “X”’ (Annealed 27-28 Ke ,000 psi High spots polished 
Table 
Ampco No. 18 Cap ; 97-97 .§ 160 Welded plastic deformation 
1/, in. deep 
Stellite No. | Table (3 48-52 2,500 psi High spots polished 
347 Stn. Stl. Cap 85-86 Scored lightly and worn 
Inconel ‘X’’ (Hardened) 36-38 ,000 psi Scored lightly 
Table 
347 Stn. Stl. (Chrome C 18 Re Galled and worn slightly 
Plated ) 
347 Stn. Stl. (Chrome 48 Re ,000 psi Galled, plastic deformation, 
Plated) metal pick-up 
120 Stn. Stl. (Hardened) C 56.2-71.5 R30N Erroneous* Worn and flaked 
Cap 
Sae 52100 Table 6.5-10 Re 2,500 psi Scored, plastic deformation, 
metal pick-up 
Stellite No. 6 Cap (3) 55.5-65 R30N 200 Polished 
Colmonoy No. 6 Table 49-54 Re ,000 psi Pitted, smooth 
(3) 
304 Stn. Stl. (Chrome 22.5-24 R30N kirroneous*® Galled 
Plated ) 
304 Stn. Stl 34.5-36 R30N 1000 ,000 psi Galled 
410 Stn. Stl. (Hardened) ; 40 .5-42.5 R30N 2! Heavy gall 
304 Stn. Stl. 34.5-36 R30N 900° ,000 psi Heavy gall, metal pick-up 
431 Stn. Stl. (Hardened) , 51-63 R30N ‘ Galled 
304 Stn. Stl 33 .2-34 R30N 800° ,000 psi Galled, metal pick-up 
446 Stn. Stl. Cap 24.2-28 R30N Spalled and torn 
304 Stn. Stl. Table 34.5-35 R30N 700 ,000 psi Scored, metal pick-up 
Malcomized 347 Stn. Stl. 82-88 RI5N E Smooth 
Cap (4) 
304 Stn. Stl. Table 53.5-56 Ra 1000° , 000 psi Smooth 
14-B Malcomized 347 Stn. Stl. / 77-73 RISN Fairly smooth 
Cap (4) 
2 Mils ground 304 Stn. Stl. Table 51.5-53 Ra 1000° ,000 psi Smooth 
from cap and 
table faces of 
combinatior 
No. 14-A 
15-A Stellite No. 6 Cap (3 C 60.569 Ra Galled with some exchange of 
metal at and near the cir- 
cumference 
In nitrogen 304 Stn. Stl. Table : Slightly galled at and near the 
atmosphere circumference 


15-B Stellite No. 6 Cap (3) 0.5-70.5 Rs Smooth in center slightly 
worn near circumference 
304 Stn. Stl. Table 52-5: ‘ 1000° ,000 psi Fairly smooth 
Stellite No. 6 Cap (3) ! 4.5 : 7 Smooth, slightly polished 
Stellite No. 6 Table (3) t 1000 ,000 psi around circumference and 
center smooth 
Stellite No. 6 Cap (3) 7-7: t Slightly worn at circumfer- 
ence 
347 Stn. Stl. (Chrome ts ,000 psi Slightly worn near circumfer- 
Plated ) ence 
“S” Inconel Cap 62.5-66 Ra : Smooth to pitted in several 
spots 
“S$” Inconel Table 64-65.5 Ra ,000 psi Smooth to pitted in several 
spots 
Nitrided 304 Stn. Stl. 94 RI5N Fairly smooth 
Cap (5) 
304 Stn. Stl. Table 50 Ra 1000° 10,000 psi Fairly smooth 
BN in Nickel Matrix on C 2-2.5 MoH Slightly galled, exchange of 
304 (6) metal 
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Table 1 (Cont.) 
Test Ac- 


est — - Max torque—— 
combination 


so Pretest Max Max Post-test 
no. Material bility hardness temp (1) load (2 surface condition 
In argon at- 304 Stn. Stl. Table Ra 900° 1000 psi 
mosphere 
21-A BN in Nickel Matrix on A— 
304 (7) 
In argon at- 304 Stn. Stl. Table j ‘ 1000 
mosphere 
21-B BN in Nickel Matrix on 
304 (7 
In argon at- 304 Stn. Stl. Table t: 2500 psi 
mosphere metal 
23-! SAE B 1112 Cap Slightly galled 
347 Stn. Stl. Table ‘ 1000 psi Build-up from B 112 steel 
SAE B 1112 Cap 


347 Stn. Stl. Table 2500 psi 


Worn and slightly galled, ex- 
change of metal 
Fairly smooth 


1000 psi Fairly smooth 


Slightly galled, exchange of 
metal 
Worn and galled, exchange ol 


Polished, no additional galling 
Polished, fairly smooth 
SAE B 1112 Cap l Polished, no additional galling 
347 Stn. Stl. Table 5000 psi Polished, fairly smooth 
SAE B 1112 Cap Polished, slight spherical de- 
formation 
347 Stn. Stl. Table L000 10,000 psi Polished, slight convex defor- 
mation 
BN in Nickel Matrix on C Called 
304 (8 
In argon at- BN in Nickel Matrix on 1000 psi Galled 
mosphere 304 (9 


24 347 Stn. Stl. Cap ; Smooth, superficial grooving 

Post Heat-Treated Ni- Ra 10,000 psi Unchanged 
trided 

347 Stn. Stl. Table (10 

Post Heat-Treated Ni- 
trided 

347 Stn. Stl. Cap. (10) : Unchanged 

Post Heat-Treated Ni- € 1000 10,000 psi Unchanged 
trided 

347 Stn. Stl. Table (10) 

347 Stn. Stl. Cap 

Post Heat-Treated Ni- t+ § Smooth, | 
trided mil deep 

347) Stn Stl Table 5 1000 10,000 psi Smooth 
(Lapped to 32 rms 
Finish) (10 

Post Heat-Treated Ni- 
trided 347 Stn. Stl. + 63 Smooth, 
Cap ( lapped to 32 rms 
finish 

Post Heat-Treated Ni- £ 100) 10,000 ps Smooth 
trided 347 Stn. Stl 
Table (lapped to 32 
rms finish) (10 


groove 


center slightly 


grooved 


slight 
grooved 


A Acceptable under conditior ilar to test 


some surface damage 


B Limited acceptabilit under similar conditions 
Cc Jnacceptable 

Test temperatures were 500, 600, 700, 800, 900, and 1000 } 

Test pressure loadings were 1000, 2500, 5000, and 10,000 psi 

3) Stellite No. 1, Stellite No. 6, and Colmonoy No. 6 were welded onto Type 304 stainless steel specimens 

$ Malcomizing is a furnace nitriding process patented by V. T. Malcolm of the Chapman Valve Mfg. C« 
approximately (6) mils. 

5) Nitrided by the A. F. Holden Co. (salt bath process). Six mil case depth. 

6) Coating applied to specimen from a dispersion of NiO and BN in isopropyl] alcohol and nitromethane prepared 
ratio of boron nitride to nickel matrix. The ‘‘as-deposited”’ coating was dried under infrared lamps and then subje: 
in hydrogen at 500 C The reduced ¢ 
950 C for '/: hour and allowed to cool slowly for 2 hours. Final coating thickness was approximately 2 mil 
Orange, N. J 


7) 50-50 volume ratio of boron nitride to nickel matrix. Coating thickness approximately 3—4 mil 


oating was isostatically pressed at 25 tons/in?. The coating was then sintere: 


(8 10-90 volume ratio of boron nitride to nickel matrix. Coating thickness approximately 6 mils 
9) 20-80 volume ratio of boron nitride to nickel matrix. Coating thickness approximately 2 mils 
10) Specimens were malcomized at 1050 F for 48 hours and post heat-treated at 1200 F for (4) hour 


* Erroneous due to apparatus seizure. 
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Table 2 Material weld test no. 6 in sodium at elevated temperatures 


Inconel “X” (hardened) cap vs. stainless steel 347 table 
Cap hardness, 36-38.0 Rockwell “C”’ 
Table hardness, 85-86 Rockwell “‘B’ 
First Second test 
test se sequence 
quence, Torque Torque 
force to turn to turn 
Time to lift inftlb in ft lb ficient of friction 
in hot oad, Temp, 1-6 ad- start end Start of End of 
a deg r vantage ot test of test test test 
50 500 20 20 20 
50 600 20 20 20 
50 700 20 20 20 
50 SOU 20 20 20 
5O 900 20 1) 20 
50 L000 20 30 0 
50 a 500 20 30 0 
50 2! 600 20 50 50 
50 25 700 20 ou 10 
50 2 800 20 50 60 
5O 25 900 20 50 60 
50 2 L000 20 70 60 
5OO 20 5U 1) 
600 20 70 80 
700 SU 
SOU ‘ OO 
900 : RO 
1000 > LOO 
5OO 100 
600 150 
700 , 180 
SOU , 160 
YOO y 2 200 
1000 140 


Wee Dronwnwrn 


os 
x 
te 


PBS 


Table 3 Material weld test no. 8 in sodium at elevated temperatures 


SAI 52100 cap 004 vs. hardened 420 stainless steel 516 
Cap hardness, 6.5-10 Rockwell “C” 
Table hardness, 56.4-71.5 Rockwell “C 
First Second test 
test se ——sequence 
quence, Torque Torque 
lorce to turn to turn 
Time to lift in ft lb in ft lb Coefficient of friction 
in hot Load Temp, 1-6 ad- start end Start of kind of 
Na psi deg F vantage of test of test tes test 
50 1000 5OO 20 80 100 ‘ 3.6 
5O 1000 600 1) OO 80) 4 2g 
50 L000 700 20 100 100 ; 3 6 
50 1000 ROO 1) 1) 1.4 l 
50 L000 900 : 100 110 
HO 1000 1000 3! 120 120 
nO 2500 500 : 180 220 
HO 2500 600 , 360 LOO 
50 2500 700 150 s60 
AO 2500 800 7 320 350 
5O 2500 900 . 350 350 
50 2500 1000 7 340 330 
50 5000 500 620 570 
5O SOOO 600 
50 5000 700 2 Collar seized to shaft 
HO 5000 800 
50 5O00 900 
50 5000 1000 
50 000 500 
50 000 600 
50 , 000 700 
50 , 000 800 
50 000 900 
50 10,000 1000 
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Table 4 Material weld test no. 14A in sodium at elevated temperatures 


Malcomized 347 stainless cap vs. 304 stainless table 
Cap hardness, 82-88 R-A 
Table hardness, 52-53 R-A 
Torque to turn Coefficient 
Time in ft lb— of friction 
in hot Temp, Start End Start End 
Na, Load, deg of of of of 
min psi F test test lig: 
50 1000 500 30,20 7: ————~ eho PT REE grrereg 
50 1000 600 30 30 - ride oye 
50 L000 700 30 40 
50 1000 SOO 40 30 
50 1000 900 30 30 
50 1000 1000 30 30 
50 2500 500 50 40 
50 2500 600 30 20 
50 2500 700 20 20 . 
50 2500 800 20 20 2 os Fig. 7 Pressure actuated valve, sliding seal plug 
50 2500 900 32 30 j 
50 2500 1000 20 30 
50 5000 500 20 
50 5000 600 10 
50 5000 700 10 
50 5000 S00 10 
50 5000 900 10 
50 5000 L000 5 
50 10000 500 10 
10000 600 20 
LOO00 700 10 
10000 SOO 20 
LOOO0 HOU 10 
10000 LOQOO0 20 


Table 5 Materials weld test no. 14B in sodium at elevated temperatures 


Maleomized 347 stainless cap vs. 304 stainless table 
Cap hardness, 71-73 R-A 
i ible hardness, 52-53 R-A 
Torque to turn Coefficient 
Time —in ft lb— of friction 
in hot Temp, Start End Start End 
Na, Load deg of of of of 
min psi F test test test test 
50 L000 500 30 20 0.7: 
50 1000 600 20 20 
50 1000 700 30 20 
50 LOOO S00 30 40 
50 1000 900 10 40 
50 1000 1000 40 40) 
50 2500 500 50 60 
50 2500 600 : 50 
50 2500 700 é 60 
50 2500 SOO j 60 
50 2500 900 § 60 
50 2500 1000 50 
50 5000 500 70 
50 5000 600 ' 90 
50 5000 700 
50 5000 800 
50 5000 900 
50 5000 1000 
50 10000 500 
50 10000 600 
50 10000 700 
50 10000 800 
50 LOOOO 900 ; , Fig. 9 Pressure actuated valve, inner flange view of cast exit section 
50 10000 1000 * 4 showing the sliding surfaces and seat 


Fig.8 Pressure actuated valve, inner flange view of cast entrance section 


) 
0.72 
) 


0 
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Fig. 10 Quick-release pin (after 1000 load cycles in 579 F sodium) 


Nak 


reactor accessory drives involv ing reciprocating motion 


The test determined. the applicability of these seals for 
The test 
cell, shown in Fig. 13, was designed and fabricated by American 
Machine and Foundry Company. 

The breakdown bushing was designed for operation with a re- 
ciprocating shaft which might be as much as */j¢ in. radially dis- 
placed from the center line of the seal housing. The seal con- 
tained a total of 8 sliding rings with a diametral clearance of 
0.0008 in. at room temperature between the shaft and 4 main seal 
rings. The four primary shaft seal rings were made of Stellite 
The sta- 
tionary diaphragm rings were made of K-Monel also, with the 


No. 3 and four floating rings were made from K-Monel 


exception of the clamping diaphragm which was made from Type 
440 C stainless steel 
C stainless steel 


The entire outer seal housing was Type 440 
The shaft was made from Type 440 C stainles 
steel that was hardened, chrome plated, and carefully polished 
All floating components and stationary contact surfaces were 
lapped for good fits. The expansion bellows, Fig. 14, was made 
from 12-mil-thick Type 347 stainless steel. All joints were fused 
by inert gas shielded arc welding. The completed bellows con- 
sisted of 45 convolutions and was flanged at both ends so that 
one end could be sealed to the reciprocating shaft and the othe: 
end sealed to the stationary test cell housing. 

In operation, NaK was supplied to the test unit beneath the 
floating-ring bushing by a reverse flow Einstein-Szilard pump. A 
70-psi differential was provided across the floating ring seal, and 
leakage flow was measured by a Fischer-Porter armored flowrator 
and checked against an electromagnetic flowmeter. The expan- 
sion bellows was positioned above the floating-ring bushing and 
above the NaK level. The reciprocating shaft was operated by 
an air cylinder located at the top of the test unit. The shaft 
stroke was 6 in. and a full cycle consisted of the shaft moving 
from the full up to the full down position and the return stroke. 

The tests performed by the Allis-Chalmers Co. consisted of 772 
cycles run at a rate of 1 full cycle in 2 minutes, 1609 cycles run at 
the rate of 2 full cycles in 1 minute, and 7619 cycles run at the rate 
of 1 full cycle in 1 minute. The measured leakage rate across the 
seal with a 70-psi differential was 0.3 gpm. Calculated leakage 
was 0.204 gpm, which corresponds to a calculated diametral clear- 
ance between shaft and seal (at 500 F) of 0.0019 in. 

The seal operated very well throughout the test without any 
evidence of wear, galling, or grabbing. The condition of the 


222 / sune 


1959 


Fig. 12 Quick-release pin test set-up 


reciprocating shaft was excellent with on! lish marks visible to 


hecked 


The regions which appeared to be 


the eye. The rubbing surfaces of all the seal rings were 
on & Brush Surface Analyzer. 
the roughest on measurement, were found to have a surface fin- 
ish of 3 to 4 microinches 

The sealing bellows failed after 9990 cycles. The failure was a 
complete separation of the upper-most convolution from the 


heavier end core which was welded in turn to the seal flange. 


Transactions of the ASME 





Fig. 14 Bellows and seal tester (after 10,000 cycles in NaK), bellows failure 


CAM RETAINER 


GRIPPER FINGERS 


Fig. 15 Gripper mechanism test unit 
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There was no evidence that this was a gradual failure, since the 
system was reasonably gas tight up to this time and any leaks 
would have been indicated by an additional inert gas consump- 
tion. The bellows failure was attributed to tiny burnups of weld 


metal at the diaphragm joint which acted as stress raisers. 


IV Fuel Subussembly Gripper Mechanism 


The gripper mechanism is the working end of the offset han- 
dling mechanism which will be used for the loading and unloading 
of fuel and radial blanket subassemblies within the reactor vessel. 
Even though the gripper will be operated only when the reactor is 
shut down, it is located at all times within the reactor vessel, ex- 
posed fully to the rigors of reactor sodium and all its transients. 
In operation, gripper fingers are cammed into the pickup and re- 
lease positions by reciprocating motion of the gripper body. 

A full size gripper mechanism, Fig. 15, fabricated by AMF was 
tested. Except for the cast Stellite No. 6 fingers, the gripper was 


fabricated from Type 304 stainless steel. The cam surfaces 
were hard chrome plated and the internal wear ring was welded-on 
Stellite No. 6 


Laboratory, consisted of repetitive hand actuated pickup and re- 


The test, conducted at the Argonne National 


lease operations of the gripper with a dummy fuel subassembly 
handling lug. These operations were perforised entirely under 
sodium at temperatures from 550 to 1100 F. The sodium was 
kept at temperature 24 hours a day and the gripper was operated 
during the normal day working hours. Except for a shutdown 
and an inspection period after 2 months operation and 1610 cy- 
cles, the gripper was operated for a total of 319 days and 3160 
gripping cycles 

Wear was insignificant on any of the bearing surfaces. A fine 
erack, attributed to faulty welding, was found in the wear ring. 
The fingers exhibited some burnishing at the points of contact 
with the handling lug. The chrome-plated cam surfaces appeared 
intact except at the camming edges where the fingers were actu- 
ated. Other than the plating being rubbed off at these points, 


the wear was negligible. 
V Core Subassembly Nozzle and Support Plates 


A Testsin Nitrogen. The Fermi plant core and radial blanket 
subassemblies are supported by two 2-in. thick Type 347 stainless 
steel plates. The 2 plates are spaced 18 in. apart and have top- 
chamfered 14/,-in. and 2-in. diameter holes drilled completely 
through on 2.693-in. centers. The plate sections, which support 
the individual core subassemblies vertically, are considered criti- 
cal wear areas because of the frequent loading operations and 
close vertical tolerance with the core subassembly hold-down de- 
vice 

Based on the results of the laboratory self-weld tests described, 
a nitride wear-resistant surface was suggested as the best means 
of protecting the holes of the support plates as well as the lower or 


nozzle ends of the core subassemblies. The use of a nitride case 


offers some economic and fabrication advantages over properly 
fitted wear-resistant inserts in each of the 182 holes within the re- 
actor core area of the two support plates. For the confirmatory 
prototype tests, three material combinations were selected: (1) 


Type 304 stainless versus Type 304 stainless; (2) nitride Type 
304 stainless versus nitride Type 304 stainless; and (3) Type 304 
stainless versus nitride Type 304 stainless. The 3 combinations 
were tested at a temperature of 750 F in a nitrogen atinosphere. 
The materials were in the form of a block drilled with a 2-in. di- 
ameter hole to represent the upper support plate and a 2-in. 
diameter tube (collar) to represent the subassembly nozzle. The 
hole was 5 mils larger in diameter than the nozzle. In the three 
combinations mentioned, the first of each pair was the collar and 
the second was the hole. 

The test, conducted by Detroit Edison’s Engineering Labora- 
tory and Research Department, consisted of side loading the 
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collar against the hole and measuring the force required to move 
Before the side load 
was applied, the collar was inserted into the hole to a depth of '/s 
in. to limit the sharp edge effect of the chamfered hole. Side 
loads of 100, 200, 400, and 800 lb were to be applied to each ma- 
terial combination. 


the collar down and up through the hole. 


As expected, the bare stainless versus bare stainless combina- 
tion was unsatisfactory; with only a 50-lb side load on the collar, 
The bare 
stainless collar and nitrided stainless hole combination exhibited 


seizure occurred and further testing was discontinued. 


erratic vertical loading and testing was discontinued after seizure 
at the 400-Ib side load. The collar was significantly galled after 
the 200-lb side load test and, with the 400-lb side load, the metal 
At this 
The nitrided hole itself 


build-up from the collar was sufficient to cause seizure 
point the vertical force rose to 1100 Ib. 
was not damaged. 

The nitrided stainless versus nitrided stainless combination be- 
haved satisfactorily at all side loadings. The average vertical 
force required to move the collar against the hole at side loadings 
of 100, 200, 400, and 800 lb was 53, 233, 375, and 625 lb, respec- 
tively. The mating surfaces were little more than slightly pol- 
ished as a result of the test. 

B Tests in Sodium. The 
subassembly, Fig. 16, consists of an inner cylinder, a spring, and 
The 


ward force on the fuel subassemblies, and this force is transmitted 


bottom or nozzle end of the fuel 


an outer cylinder reactor hold-down device exerts a down- 


to the nozzle springs allowing the subassemblies to be prop- 
erly positioned and restrained against the lifting force of the up- 
ward-flowing sodium coolant. Galling and/or seizure of the noz- 
zle would lead to serious mechanical difficulties The points ol 
rubbing contact of primary importance are those of the inner cyl- 
inder against the nozzle nose at the bottom. The outer surface 
of the nose piece and the outer cylinder have rubbing contact with 
the support plate 

Tests were made by the Allis-Chalmers Company on two nozzle 
assemblies in 750-F sodium. The nozzles were repeatedly in- 
serted and withdrawn from the holes of simulated support plates 
(top and bottom by a shaft connected to an air motor which 
provided the proper nozzle speed, length of travel, and cycling 
control. All parts ol the first nozzle assembly were fabricated 
from Type 304 stainless steel except the spring and the simulated 
support plates, which were fabricated from Type 343 stainless 


steel. The second nozzle assembly was fabricated from the same 


Fig. 16 Fuel element nozzle assembly 
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materials as the first and, in addition, the surfaces of the simulated 
support plate and nozzle which contacted each other were surface 
hardened by nitriding and lapped to a 32-rms finish. 

Test No. 1, conducted under sodium at 750 F, had the nozzle 


end cycling in and out of the support plate hole with a 2! 


in. 
stroke, including a '/;-in. overstroke, at the rate of 24 cycles a 
minute with room temperature clearances between the support 
plate hole and the nozzle of approximately 6 mils. In spite of the 
fact that the inner and outer cylinders of the nozzles were in me- 
tal-to-metal contact with each other, the unit operated quietly 
and without mishap up to the 30th cycle when a slight chattering 
became more evident until the unit stopped at the 48th cycle. 
By manually adjusting the air motor the unit was made to oper- 
ate to the 62nd cycle However, this was accomplished with 
much chattering so the test was terminated. 

Upon dismantling the unit, it was found that severe uniform 
galling had occurred around the entire circumference between the 
inner and outer cylinder at the top and between the outer cylinder 
and the upper support plate. Some galling had also occurred, ir 
one section only, between the outer surface of the nose piece and 
the lower support plate and the inner-cylinder retaining ring and 
pin were “‘Tippe d”’ from the inner cylinder. 

Test No. 2 
tained at 750 F and cycling with a 2! 


was conducted with sodium temperature main 
‘-in. stroke, including a '/,- 
150 cycles at 3 cycles a 


750 cyeles at 


in. overstroke, at 3 different rates: (a 


minute, (6) 100 cycles at 6 cycles a minute, and (c 
During the test a slight scraping sound was 
On 


12 cycles a minute 
audible, but otherwise the movements were quiet and steady. 
inspection after 1000 cycles, slight rubbing was indicated between 
the outer cylinder and the upper support plate and slight rubbing 
on the inner surface of the outer cylinder from the spring. Other 
than the 

The unit was cleaned, reassembled with a new Type 347 stain- 
in additional 5000 cy 


The strokes were smooth and quiet 


ireas of slight rubbing there was no evidence of wear 


less stee! spring ind tested for cles at the 


9 . ! 


rate ol 12 cycies a minute 


no evidence whatsoever of any galling or seizure. Upon reinspec- 
tion, the rub marks between the upper outer cylinder and the up- 
per support plate were more pronounced than they were after the 
1000-cycle run, and there were rub marks between inner and outer 
cylinder at the top. Evidence of galling was notably lacking 
This test seems to bear out the fact that the materials used for 


this type of operation are more critical than the running clear- 
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ances. With essentially the same clearances, only 62 cycles were 
completed for the first test, whereas 6000 cycles were completed 


for second test. 


Summary and Conclusions 

In laboratory tests, the harder material combinations showed 
generally better wear and self-welding resistance than did the 
softer materials. Results of hard soft 
combinations, such as Ampco No. 18 versus Stellite No. 1 


material and material 
and 
Armco iron versus Stellite No. 6, indicate that temperature effects 
on material strength and hardness will dictate the type of material 
failure. Ampco No 


and the Stellite No. 1 was polished but neither exhibited any gall- 


18 underwent severe plastic deformation 
ing Armco iron was severely galled and the Stellite No. 6 had 
considerable metal pick-up but neither was plastically deformed 

The results of the prototype tests indicate that sodium has 
little, if any, effect upon the bearing or wearing characteristics of 
The resistance to galling and self-welding 


Sodium 


the materials tested 
is dependent on the design and the load application 
cannot be relied upon to act as a lubricant for reactor components 
subject to wear Mating surfaces must be protec ted by a hard 
material and/or hardening treatment that is known to possess or 
impart ade quate wear resistance even when oper iting dry 


Under simulated, nonradioactive, reactor-operating conditions, 


the Stellite No. 6 performed exceptionally well as did the nitrided 
] 


stainless steels However, each has limitations even though exhi 


biting comparable wear resistance. Stellite No. 6, since it can be 
ipplied in a relatively thick layer or even cast to shape, appears 
Lt. rotating orre 
grip 
it is relatively 


best suited for repetitive wear applications such i 
ciprocating shaft rubbing against a stationary sleeve or the 
pers of a latch mechanism A nitride case 


thin 


lice 
ippears best suited for stainless steel applic itions requiring 


ind wear resulting from nonre petitive 


resistance to self-welding 


or infrequent cy¢ lic operatior 
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Irradiation of Haynes-25 and Inconel-X 
Compression Springs in High-Temperature 


R. L. MEHAN 


Knolls Atomic Power Laboratory, 
General Electric Company, 
Schenectady, N. Y. 


High-Pressure Water 


Irradiation tests were performed on Haynes Stellite Alloy 25 and Inconel-X springs 


irradiated in the compressed condition in an in-pile high-temperature water loop. 
The loop was operated at 560 to 600 F and the springs of both materials received 


integrated fluxes of 5.9 X 10% and 4.2 K 10" not 


fast, respectively. Postirradia- 


tion testing and examination revealed no serious deleterious effects resulting from these 


exposures. 


It was found the spring constant increased 5 to 8 per cent after exposure and 
the free length decreased 2 to 3 per cent. 


The effect of irradiation on the plastic-flow 


curve was slight as revealed by three-point loaded bend tests on 0.160-in-diam rods 
irradiated with the springs. 


I, 1S KNOWN from past 


experimental work that 
metals subjected to neutron bombardment undergo changes in 
mechanical properties. In general, strength properties increase 


and ductility decreases. These effects tend to increase with in- 


creasing neutron exposure. Because of this radiation-damage 
effect, materials chosen for use in nuclear reactor cores where 
neutron exposures are appreciable must be scrutinized carefully 
for possible harmful changes in properties resulting from this 
exposure. When the exposure takes place in a corrosive environ- 


ment such as high-temperature high-pressure water, corrosion 


effects must also be considered 
Ideally a test to investigate material behavior under a com 
bined radiation-damage-corrosion environment should take plac« 


How- 


ever, the practical difficulties and cost in conducting such an in- 


in an environment similar to that anticipated in service 


pile test are so great that most investigators generally perform 
preirradiation and postirradiation tests, that is, the comparison of 
some selected property before and after radiation. Such a test is 
the 
well be different while actually being tested under anticipated 


Howe ver, it 


somewhat objectionable because material behavior could 
service conditions rather than after this exposure 
is a first approximation of the material response to combined 
radiation-damage-corrosion effects 

The investigation described in this paper is a result of such 
pre and postirradiation tests It was desired to know if Haynes-25 
and Inconel-X springs undergo any harmful changes when ex- 
posed to relatively low neutron fluxes while in high-temperature 
high-pressure water at 580 F. The primary questions the tests 


were designed to answer were: 


Contributed by the Metals Engineering Division and presented 
at the Annual Meeting, New York, N. Y., November 30-December 5 
1958, of Tue American Society or MecHANICAL ENGINEERS 
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of the Society. Manuscript received at ASME Headquarters, August 
41,1958. Paper No. 58—A-94 


opinion 3 


| Are 


plastic properties when these materials are 


there any deleterious effects of irradiation per se on 
exposed to total 
integrated fast fluxes in the order of 10 neutrons per cm? (nvt) 
at temperatures of about 580 F?! 

2 Are there any combined effects of 


and 


ffect on spring properties 


corrosion and irradiation 
postirradiation 


detectable by 
test that have a harmful « 


a preirradiation comparison 
irradiations 


loop, 


time 


To answer these questions, two separate vere per- 
1 I I 
oth irradiations 


of the 


formed in an in-pile, high-pressure water 


wing nearly identical except for Because 


exposure 


msiderably higher flux present in the experimental facility com- 


vared to the anticipated service conditions, one irradiation was 
than 500 hr—to determine 
The 


was deemed insufficient to 


performed for a short time—less 


he effect of integrated flux alone information obtained 


from this test the significance 


LSSeCSA 
of corrosion because of the short. time 


with 


irradiation lasting for mors 


the springs had been in con- 


tact under irradiation. Consequently, a second 


than 2000 hr 


water 
vas performed to assess 


The int 


rradi 


the effect of long-term exposure more ade egrated 
flux received by the springs 


} 


quately 


this second ition was far 
it was thought that 


if the springs and spring materials performed satisfactorily under 


service; however 


higher than anticipated in 


these relatively severe conditions no serious difficulties would be 


encountered under the actual service conditions 


Materials 


The two materials Inve stigated were Ha nes Steuite Alloy 25 


and Inconel X. The material was received as 0.162-in-diam wire 
in the as-drawn condition. The percentage of cold work received 
by the wire after the last annealing treatment for the Inconel X 
was 15 per cent, and 35 to 40 per cent for the Haynes 25. Chemi- 


cal analyses for these materials are shown in Table 1. 


! Fast neutrons in this report are defined as 1 : with energies 


greater than 1.0 Mev 





Nomenclature 
maximum shear stress, psi = wire 
deflection, mn 
load, lb 


spring mean radius, in 


active coils 
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diameter, in. 
= spring index (2r/d) 


modulus of rigidity (11.4 


psi for Inc miei 
psi for Hayne 
spring constant 


pitch angle, deg 
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Fig. 1 Photomicrograph of Haynes-25 wire in fully heat-treated and 
preirradiated condition used for manufacture of irradiation springs. 
Etch: aqua regia; 100 X. 


Table 1 Chemical analysis for Haynes 25 and Inconel X used in spring 
irradiation 


Weight per cent — 
Inconel X Haynes 25 
eS 0.04 0.03 
Mn 0.75 1.51 
: 0.004 

0 30 


Element 


0.70 
15.5 19.8 
72.6 
7.05 
0.71 
2.27 
0.88 
0.04 
51.4 


This wire was tested in the heat-treated condition before it 
was coiled into springs to determine the optimum heat treatment. 
The optimum heat treatment was established by experiment, and 


the results of an average of three of these tests were: 


Inconel X 
1350 F—16 hr 
192,000 214,000 
156,000 194,000 
15.1 5.7 
35.3 14.8 


Haynes 25 
Heat-treatment, deg F—hr. 1100 F—2 hr 
Tensile strength, psi 

0.2 per cent yield strength, psi 
Elongation in 1 in., per cent 
Reduction of area, per cent 


Typical photomicrographs of this material are shown in Figs l 
and 2. 

From this starting stock, ten springs of each material in the 
cold-drawn condition manufactured to the 


were following 


specifications: 


Wire diameter, in. 0.162 
Spring diameter, in 1.75 
Active turns. . 4 
Deflection per lb 6.2 xX 
Solid height, in. 0.970 
Free length, in.. . 2.38 


10-3 


The springs were wound in the cold-drawn condition, heat-treated 
at the optimum temperatures and times shown, and pickled 
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Fig. 2 Photomicrograph of Inconel-X wire in fully heat-treated ond 
preirradiated condition used for manufacture of irradiation springs. 
Etch: aqua regia; cupric chloride; 100 X. 


In addition to the springs, about 12 3-in. sections of each wire 
composition were cold-straightened, heat-treated, and pickled 
These rods were 


subsequently irradiated with the springs 


Test Procedure and Irradiation Conditions 


To investigate the combined effect of irradiation and exposure 
to high-temperature water on spring properties and plastic be- 
havior of the spring materials, five types of tests or measurements 


were employed before and after exposure: 


Change in free length of springs 
range on springs 
Tests to solid height on springs 


Send tests to failure on 3-in. sections of straightene: 


l 
2 Load-deflection tests in elastic 
3 
4 


o Metallographic examination of straightened wire 


Both irradiation assemblies contained three springs each of 
) 


Haynes 25 and Inconel X compressed to a calculated stress of 
80,000 psi. 
Appendix. 


The method of calculating the stress appears in the 
In addition, each assembly contained five straightened 
an irradiation assembly in 


wires of each material. Fig. 3 shows 


schematic form and Fig. 4 a photograph of an assembly before 
in-pile insertion. Fig. 3 shows that the irradiation assembly was 
so designed that water was in contact with the rods and springs 


during exposure 


Sefore insertion into an assembly, each spring was lo vd-defle 


Dillon Testing Machine The 
slope of the load-deflection line, obtained by 


tion tested on a 300-lb-capac ity 
averaging three 
separate tests, was taken as the spring constant A. The spring 
ifter 
diation. All postirradiation tests were performed remotely in 


shielded cells in the KAPL 


Each spring was photographed with a calibrated scale for de- 


constant K was measured in an identical manner irra- 


tadioactive Materials Laboratory 


termination of free length before insertion irradiation 
slug. 


Every effort was taken to insure that the orientation of the spring 


into an 
A similar photograph was obtained after irradiation 


in the pre and postirradiation photographs was the same \ 
The difference 
between the two heights was taken as the change in free length of 


ty pical photograph of a spring 1s shown in Fig 5 


the spring caused by the exposure conditions 
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Fig. 3 Schematic drawing of spring irradiation assembly 


Fig. 4 Photograph of spring test assembly before insertion in-pile; 
approximately | 


Fig. 5 Preirradiation photograph of Incone!-X spring illustrating method 
of obtaining free-length changes 


Preirradiation compression tests to solid height were not per- 
formed on springs to be inserted in the reactor, but rather on 
duplicate springs of identical condition. The purpose of these 
tests was to determine if any incipient cracks would open up 
All tests 
were repeated three times to give any incipient crack a chance to 


when the coils were taken well into the plastic range. 


Both pre and postirradiation springs were carefully 
10 15 x 
For both load-deflection tests and solid-height 


open up 


examined under to magnification for any evidence 
crack formation. 
tests on unirradiated and irradiated springs, the same 300 Ib- 
capacity Dillon Testing Machine was used, but on different load 
ranges. 

Bend tests of the 0.160-in-diam rods obtained from the straight- 


ened spring wire were performed at room temperature. The rods 
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the scram-spring irradiation 
Long-time 
irradiation 
560-600 
4.2 X 10" 


2250 


Table 2 Exposure conditions for 


Short-time 
irradiation 
560-600 
5.9 X 10" 


9950 


“se 


Condition 
gF 


Irradiation temperature, de 

Integrated fast flux, nut 

Operating pressure, psi 
Vater conditions 

Oxygen, ppm 

pl 

lon-exchange purification 

Specific resistance, ohm-cm 


<0.1 
5.8 to 6 
None 
300 ,000 


<0.1 
5.8 to 6.4 

None 
300,000 


4 


were tested as a three-point-loaded beam and were deflected to 


failure Postirradiation tests were performed on a specially de- 


Signe d app iratus prev ioush des« ribed {1 } Although preirradia- 


tion tests were performed on a different piece of ipparatus, the 
support and plunger geometries were identical and it is felt the 
pre and postirradiation tests were similar 

verformed on the rods after bend testing 
Both pre 


Hardness tests were | 


and well away from an irea of plastic deformation 


and postirt udiation tests were performed on standard Rockwell 
remote testing 


] 


oni 


hardness apparatus modified for 


is 


Postirradiation metallo » eXaminations were ide on 


10°? noi 


the rods exposed to 4.2 


3 and 4 
a high-temperature high-pressure 


The irradiation were irradi- 
att d 


in-pile loop 


sssemb 


port 


iomin il w 


ies shown in Figs 
low-flux ol 


The 1 


ind neutron f re 


im ion 
ater conditions, temperature of ex- 


posure shown in Table 2 


Test Results 


The results of load-deflection tests on Hay nes-25 and Inconel-X 


springs, both preirradiation and postirradiation, are shown in 


Table 3 
posure conditions is to increase the slope of the curve (or to in- 


These data indicate that the primary effect of the ex- 


crease the spring constant K The effect seems to increase with 
the Haynes 25 but not for the Inconel X. 
To check the significance of these results, the data for two springs 
(B-1 and T-4 in Table 3) were analyzed statistically. The results 
of these tests indicated that sig- 
nificant increase in slope but the increase in slope of spring T-4 


increasing exposure for 


spring B-1 showed a highly 


was not significant on the 5 per cent level. It was further estab- 
9 


2.3 per cent increase in slope was 


As shown in Table 


lished that approximately a 
needed for a statistically significant increase. 
3, all the Haynes-25 springs showed a significant increase in K 
while 
nificantly 


only a fraction of the Inconel-X springs increased sig- 

The effects of the exposure conditions on the free length of the 
springs subjected to the short-time exposure are shown in Table 4. 
not examined for free- 
Table 4, the result of the 


free lengths of the springs in the order of 


The long-time-irradiated springs were 


length changes. As can be seen from 
exposure decrease d the 


2 per cent 


* Numbers in brackets designate References at end of paper. 
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The crush tests to solid height on each spring from both irradia- 500 
tions were repeated three times for each spring, and the subse- 
quent examination under 10 to 15 X magnification of the inside LONG TIME IRRADIATION 
and outside of all the active spring coils failed to reveal any in- PRE-IRRADIATION 
cipient cracks. Each spring was examined by two observers 





before the foregoing conclusions were reached. Examination was 
made difficult by the presence of longitudinal drawing marks on 
some of the spring wires, but by suitable manipulation of lighting 
it was possible to conclude that no cracks were associated with 


these drawing marks. SHORT TIME IRRADIATION 


These four tests, free-length change, load-deflection curves, 


8 


crush tests, and visual examination comprised the examination 
of the springs. No effects were found as a result of irradiation in 
high-temperature water that could be considered harmful from 
an engineering aspect. 





The results at room temperature of the three-point loaded 


LOAD IN POUNDS 


bend tests on Inconel-X and Haynes-25 rods are given in Figs 
6 and 7. Three figures show that the effect of the irradiation- 
imposed conditions on the plastic behavior in bending for these 
materials is slight. The apparatus used was not sensitive enough 
to detect any differences in the elastic modulus 

Hardness results were statistically analyzed and are shown in 
Table 5. For the short-term irradiation, a statistically sig- 
nificant decrease in haruness was noted for the Inconel X while 
the Haynes 25 remained unchanged. For the long-term irradia- 





tions, both hardnesses decreased by a small but statistically sig- 4 L j 


nificant amount. The Inconel X did not decrease in hardness to as .. nuns 








150 
large an extent as in the short-term irradiation. For practical en- 


gineering purposes, it should be noted that these hardness changes, Fig. 6 Free-beam bead tests of 0.160-in-diam Haynes-25 rods before 
although statistically significant, are quite small and are probably and after irradiation. Rods were loaded as a simple three-point beam 
unimportant over o Vi/rta. mae 


Table 3 Results of load-deflection tests for irradiated Haynes-25 and Inconel-X springs 


Preirradiation Postirradiation Increase, 
Irradiation test Material Number Ke we Ke N* per cent 
Short-time test Haynes 25 B-1 0.0710 16 0.0758 21 } 
(5.9 X 10% nvt fast) Haynes 25 1-4 0.0708 15 0.0757 16 
Haynes 25 B-7 0.0716 15 0.0739 20 
Average 0.0711 46 0.0748 7 

Inconel X T-3 0.0592 16 0.0617 

Inconel X T-4 0.0581 16 0.0591 

Inconel X T-6 0.0574 16 0.0586 
Average 0.0582 48 0.0598 44 
Long-time test Haynes 25 B-2 0.0703 16 0.0765 18 
(4.2 X 10" nvt fast) Haynes 25 B-8 0.0697 16 0.0761 18 
Haynes 25 B-9 0.0693 16 0.0757 18 
Average 0.0698 48 0.0761 54 
Inconel X T-1 0.0566 16 0.0572 18 
Inconel X T-2 0.0576 15 0.0697 18 
Inconel X T-8 0.0576 16 0.0593 18 
Average 0.0573 47 0.0591 54 


7 


nO 


bot & OTrce 
OP Re AI De ONS 


Whoo OOD® 


* Slope of load-deflection curve in lb per in., each entry represents three separate tests 
* Total number of observations to obtain a particular slope. 

¢ Difference statistically significant, 5 per cent level, by covariance analysis. 

4 Difference not statistically significant, 5 per cent level, by covariance analysis 


Table 4 Free-length change of irradiated Haynes-25 and Inconel-X Postirradiation photographs of transverse sections of Haynes- 
springs (short-time irradiation) 25 and Inconel-X rods from the long-term irradiation are shown 
Preirradia- Postirradia- in Figs. 8 and 9. As expected, no discernible difference was found 
Spring tion free tion free Change, between preirradiation and postirradiation metallographic struc- 
Material no. length, in. length, in. per cent tures. 
Haynes 25 B-1 2.234 78 
B-4 2.219 12 ; ; 
B-7 934 “3 Discussion 


Inconel X T-3 359 63 : 
406 95 The most interesting phenomenon observed in this investiga- 


T-4 
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01 tion was the increase noted in the load-deflection slopes after 
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Fig. 7 Free-beam bend tests of 
0.160-in-diam Inconel-X rods 
before and after irradiation. 
Rods were loaded as a simple 
three-point beam over a 1'/.-in. 
Span. 








Fig. 8 Photomicrograph of Haynes-25 wire after long-time exposure in Fig. 9 Photomicrograph of Inconel-X wire after long-time exposure in 
the high-pressure water loop. Etch: aqua regia; 100 X. the high-pressure water loop. Etch: aqua regia; cupric chloride; 100 X. 


Table 5 Hardness valves of irradiated Haynes 25 and Inconel X 
Significant 
difference 
- Rockwell-A hardness ~ (5 per cent 
—Preirradiation— —Postirradiation . level of 
Material Irradiation Xe ye Se Xe S? S signifi- 
cance ) 
Haynes 25 Short-time 1.44 70.3 : 771 No 
Inconel X  Short-time 18 64.8 - 2.63 Yes 
Haynes 25 Long-time 1.44 69.5 8 669 Yes 
Inconel X Long-time if 66.1 996 Yes 
* Arithmetic average of observations. 


>’ Number of observations. 
© Standard deviation. 
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irradiation. This result was unexpected and in direct contradic- 
tion to the results reported [2] by Zeno on Inconel, Inconel X, 
and type 302 stainless-steel compression springs irradiated at 
572 F. Zeno showed a 9.3 per cent decrease in slope for Inconel X 
and a decrease in free length of approximately 6.0 per cent in 

In the results of this investigation, the observed increase in 
slope might have been caused by either geometrical or material 
changes. A brief consideration of these various factors will now 
be presented 

In the simple theory 
the spring constant is 


pitch angles neglected) the expression for 


d‘G 
- (1 
64nr? 


To account for the observed increase of K either the numerator 
of equation (1) must increase, the denominator decrease, or a 
combination of the two must occur. It is difficult to visualize 
either d or r changing because of any exposure-induced phe- 
nomena, especially in the direction necessary. 

The number of active turns, n, was for a time suspected as the 
culprit in increasing the spring constant. To check this supposi- 
tion, a Haynes-25 spring was loaded under identical conditions to 
the irradiation springs and exposed in helium at 600 F for 1164 hr 
No change was noted in the number of active turns. The other 
results of this test were: 


Increase in spring constant, per cent 0.94 
0.64 


Loss in load (at 23 lb), per cent 3.45 


Decrease in free length, per cent 


As can be seen, this check experiment showed results similar to 
those noted on the irradiation springs, only to a slighter extent 
The effect did not seem to be caused by a change in the number of 
that is, there was no rotation of the ends of the 


cous, 


springs with respect to each other about the longitudinal axis 
It appears that the number of active turns does not change ap- 
preciably under these conditions 


Unfortunately, it was not possible to directly measure the 
The results of the preced- 
It is 


possible, however, that the different exposure conditions of the 


active turns of the irradiated springs 


ing experiment indicate that a change in n does not occur. 


irradiated springs accelerated reep-rel ixation effects at the 
spring ends and thus decreased the number of active turns 

To complete the survey of possible geometrical changes, the 
more exact theory for ope n-coiled he lical springs with ends fixed 
against rotation (the probable condition in this experiment be 
cause of the friction between the ends and supporting plates) was 
considered The equation for the deflection can be shown to be 


64 Pron 


Gd‘ 
where 


sin @ SIN Qo 


vs = 


cos? a sin @ sin ay tan @ (cos a 


1! 


The values of ¥’ are shown graphically by Wahl [3] for various 


pitch angles. From this plot or from equation (3) it can be seen 
that y,’ will decrease with decreasing pitch angle for springs in 
compression 

For the springs under consideration the pitch 
proximately 11 deg 


angle was ap- 
From the observed decrease in free length 
(for the 324-hr irradiation) it can be estimated that the pitch 
angle may decrease about 1 deg to an approximate final value 
of 10 deg. From can be estimated that the 
spring constant AK will increase about 0.5 per cent because of 


these values it 
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the change in y,’. This is a factor of 10 less than that observed 
in the irradiation springs. 

From the preceding discussion it can be seen that geometrical 
changes do not seem sufficient to account for the increase in the 
spring constant. There is, however, a possibility of changes oc- 
curring in the shear modulus G. It is possible for the shear modu- 
per 
This loss can be recovered by low-temperature 
Timoshenko [4] 


Muir in 1899, also notes the decrease in elastic properties alter 


lus to be reduced approximately 5 cent because of over- 
straining [3] 


heat treatments , quoting work performed by I. 


cold work and the subsequent recovery with low-temperature 
annealing 

Unfortunately, it is not possible to assign this cause definitely 
This 
whether or not the 


as the reason for the observed increase in spring constant 
stated 
springs were heat set in the manufacturing procedure. If 


is because it cannot be definitely 
they 
were heat set it seems probable that any increase in shear modulus 
would take place in the heat-setting operation and not subse- 
quently because ol in-pile temperature effects Conversely, if 


they were not heat set, the possible increase in shear modulus 
caused by in-pile temperature effects provides an attractive e» 
planation for the experimental results 

There is 


some obscure way may change the elastic constants 


i slight possibility that the neutron bombardment in 
This ex 
planation is not considered very probable in view of information 
5] showing that elastic properties are substantially unaffected 
by pile irradiations at ambient temperatures. However, the 
possibility exists that material and exposure conditions interact 
in some complex fashion to produce the observed increase in 
spring constant 


This 


constant 


discussion shows that the observed 


is difficult 


increase ln spring 


to rationalize It is felt, however, that this 
effect is not serious from the engine ering st undpoint Both spring 
materials displayed negative changes in free length that may per- 
haps have been accelerated by the exposure conditions as shown 
by the one Haynes-25 « omparison spring ¢ xposed to temperature 
Zeno 2 
changes in free length do not seem 

The effec 
well 


fect 


ilone felt such in effect was operative however these 
Kcessive 

t of radiation on the plastic-flow curve is shown quite 
in the three point loaded bend tests in | igs. 6 and 7 The 
on the plastic-flow curve is quite small and it can 

560 to 600 I 


ferred that radiation damage at under the 


conditions of this little effect 
Phis 
hardness results which did not display the usual 
but rather 
effects on the metal o 
hardening. 


Conclusions 


H iynes-Stel 


mental Investigation has 


chanical properties statement is also borne out 


incre 
irradiation 


decreased, probably because ri 


twe igh j inv tendency for radiatior 


Incone x 


the compre ssed condition between 560 and 600 F in water showed 


ite-Alloy-25 and springs irradiated 


no serious harmful effects caused by the exposure conditions as 


The 
creased for both materials as a result of the exposure conditions, 


revealed by postirradiation testing spring constant in 


the maximum change being about 8 per cent for Haynes 25 and 


5 per cent for Inconel X. The reason for this increase is not clear 


but may be attributed to changes in the elastic constants 


No cracks or defects were found on the either inside 


suriaces 
or outside, as a result of the exposure conditions. Testing to solid 
height did not result in any failure detectable by visual examina- 
tion, 

The effect of radiation damage was slight as revealed by three 
point loaded bend tests on 0.160-in-diam rods of Haynes 25 and 
Inconel X 
Rockwell 


radiation-damage experiments 


This conclusion is verified by observed decreases in 


hardness instead of the increases usually noted in 
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APPENDIX 


From the theory of elasticity, the following formulas may be 
derived [6]: 
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16Pr | 4c — 1 4 0.615 
nd 4c —4 c 


64nPr? [ 
5 = 5) 
d‘G ; ( 


The term in brackets in equation (5) is essentially equal to one for 
the present spring geometry and may be neglected. 

For each spring an experimental load-deflection curve was de- 
termined. The slope of this curve is equal to the spring con- 


stant and, from equation (5), we obtain 


P " a‘G 
= K . 


6 64 nr* 


(6) 


From equation (4) the load necessary to produce any desired 
shear stress (80,000 psi in this case) may be found 


Pp nd? l 
~  ™ 16r 4c 0.615 (7) 


4c . c 


By knowing experimentally the K value, equation (6), and 
substituting in equation (6) the calculated load P from equation 
(7), the deflection necessary to obtain a stress of 80,000 psi is 
found. The springs were compressed to this value in the irradia- 
tion assembly. 
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force. 


Energy Losses of Balls Rolling on Plates 


The apparatus for measuring the rolling force of a ball supported between two plate: 
The rolling force is an extremely small quantity compared to the normal 
Instantaneous values of the rolling force vary greatly from point to point on 


the sample surface and this variation is explained in terms of surface roughness and 


material homogeneity. 
tions of load, material, and surface roughness. 


The energy losses of balls rolling on plates are shown as fun 
The rolling of a ball on a plate ts ex 


amined as a cyclic process in which elastic hysteresis losses appear to be the primary 


source of energy dissipation 


An analysis involving the Hertzian contact stress field 


is used to derive an equation relating the rolling force and the material damping ca 


pacity. 


es PROBLEM Of the rolling ball at first examination 
appears to be no problem at all. After all, ‘nothing rolls like a 
ball’’ and ball bearings are accepted without question as very low 
friction devices. Because of this low friction, a great deal of ball- 
bearing development has been mainly concerned with the life of 
the bearing. For most ball bearings, if the life is long under a 
given speed and load, the bearing is considered satisfactory. 

However, for the class of ball bearings known as instrument ball 
bearings, friction torque is of importance. For many applications, 
both a low starting torque and a low running torque are desirable 
The work on the energy losses during rolling was started with the 
purpose of generating information which might lead to the mini- 
mizing of the friction torque of these instrument ball bearings 

The variables affecting the friction torque of a ball bearing may 
be divided into two groups. In the first group are those varia- 
bles affecting the rolling itself, such as ball and race materials, 
surface finish, and contact stress. The second group includes 
additional variables inherent in the assembled ball bearing such as 
those resulting from ball-separator design and the degree of fit of 
the parts. Our work is concerned with the first group of variables 
and for simplicity we have adopted the experimental arrangement 
of a ball rolling between flat plates 

In addition to its practical aspects, the problem of the rolling 
ball is an interesting one to pursue in the light of the information 
it may give on the way energy is lost duringrolling. The rolling 
of a ball is a cyclic process since the stress field resulting from the 
ball contact moves with the ball. Relating the energy losses to 
this cyclic stressing may eventually increase our understanding of 
the inelastic behavior of materials. 

Historically, the problem of the freely rolling ball, that is, one 
under almost no tangential traction, was not understood until a 
few years ago when Tabor published his work [1]! on rolling 
friction. Prior to that time investigators tried to account for 


rolling friction in terms of surface interaction. Osborne Reyn- 
olds [2], in 1876, explained rolling friction in terms of microslip 
caused by differential elastic displacement in the contact area 
Heathcote [3], in 1921, attributed the rolling friction of a ball in a 
groove to interfacial slip, the slip being caused by different parts of 
the contact area being different distances from the axis of rotation 
Tomlinson [4], in 1929, proposed an explanation based on molecu- 
lar adhesion. Tabor’s experiments prove that none of these 


mechanisms is important except for Heathcote’s and then only 


i Numbers in brac kets de signate Referenc es at end of paper 

Contributed by the Lubrication Division and presented at the 
Annual Meeting, New York, N. Y.., 
1958, of THe American Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, Septem- 
ber 10, 1958. Paper No. 58—A-190 


November 30-December 5, 


Journal of Basic Engineering 


that 
the energy required in rolling a ball on a plate is dissipated in 


for balls in deep grooves Tabor reached the cone lusion 


hysteresis losses of the elastically strained metals. This conclu- 
sion is confirmed by the work done in this laboratory 


Test Apparatus and Procedure 


As shown in Fig. 1, a ball of radius 2 is located between two flat 


parallel plates under a load A Io overcome the resistance to 
rolling at the contact areas of the ball and the plates, a torque 
must act on the ball. Assuming deformation of ball and plates is 
negligible, this torque is the force F times the diameter 2 of the 


ball 


is then 2FR times the angular displacement 


The frictional work for an advance s of the ball on the plates 
of the ball 8/R i 
radians. With identical plates this frictional work 2/’s is evenly 
divided between the two contact areas 

The rolling-friction force is an extremely small quantity com- 
pared to the normal force and the rolling test apparatus had to be 
designed so that the normal force acting vertically did not inter- 
fere with the measurement of the small friction force acting hori 
zontally. To accomplish this the bottom plate is supported on a 
high-pressure film of oil. This oil film supports the load while 


offering practically no resistance (at the low shear rates en- 
countered) to the lateral movement of the plate in response to the 
rolling-friction force 

rhe 


1 sup- 


The rolling-friction test apparatus is shown in Fig. 2 
lower sample plate 18 located in a holder which is bolted to 
in. X 1'/¢in. oil 


port plate. The support plate rests on four 


pads, one at each corner. The cutaway portion of the figure 


shows the interface at which the high-pressure oil film is main 
tained. To measure the rolling force, an elastic restraint in the 
form of two parallel beams is placed on the lower plate holder 
The figure shows one of the rolling-force beams The second beam 
is located at the other end of the plate holder One end of each 
beam is fastened to the holder while the other end is fixed to the 
oil-pad housing. A parallel beam arrangement was chosen to 
restrict rotation of the plate when displacement occurs De- 
flection of the sample, which is proportional to the acting frictior 


force. is measured by me ins of strain gages mounted on the beams 


Fig. 1 Experimental arrangement of rolling-friction samples 
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Fig. 2. Rolling-friction test apparatus 


The signal from the strain gages is amplified and fed into an os- 
cillograph 

The upper plate is attached securely to the free end of a much 
stiffer pair of parallel beams. The vertical deflection of this 
upper plate when contact is established between the ball and the 
plates determines the normal loading. Strain gages mounted on 
these beams feed another channel of the oscillograph and give a 
continuous indication of the normal load during the course of a 
run 

tolling of the ball between the plates is maintained by attach- 
ing the oil-pad housing to a carriage which is moved along 
straight ways by a hydraulic ram (not shown) 
stationary 


The upper plate is 
The velocity of the carriage can be varied from 
0.0001 to 1 ips. and is controlled in either direction. The ball 
center moves at an average speed of half the speed of the carriage 
While the carriage and oil-pad housing are moved uniformly th: 
motion of the lower sample plate, which is elastically connected to 
the oil-pad housing, is continuously modified by the action of the 
friction force. The difference in the displacement of the oil-pad 
housing and the plate sample is proportional to the acting friction 
force and is measured 

A rolling-friction run consists of rolling the ball back and forth 
over the same track many times. Because of the sensitivity of 
the friction-force measurement and the large normal loads em- 
ployed, small geometrical deviations of the ball from a perfect 
sphere or the plates from perfect parallel planes cause a hori- 
zontal component of the normal force to be added to the actual 
rolling force. To eliminate these geometrical force components, 
the determination of the average rolling resistance is based on two 
passes, one in each direction. Reversing the direction of rolling 
reverses the direction of the true rolling force, but does not affect 
the direction of the geometrical force components. Thus the 
difference between the average recorded friction force for forward 
and reverse rolling is equal to twice the true rolling force In- 


stantaneous values of the measured force during the run, however, 


still will include these geometrical misalignment components 
The reproduction of an actual friction trace in Fig. 3 shows 
the great variation in the friction force 


for the rolling of a smooth '/.-in-diam hardened-steel ball on a 


This trace was obtained 


234 


JUNE 1959 





Fig. 3 Rolling-friction force trace 


hardened-steel surface of 15-microin roughness over a distance 


of approximately 2in. Rolling was perpendicular to the lay, i.e 
perpendicular to the direction of the surface scratches, at a load of 
36 lb. The reproduced trace is a portion of the run for which an 
average rolling-friction force of 0.0021 lb was calculated. The 
great variation in the friction trace is due primarily to the rough- 
ness of the plates and the peaks are many times greater than the 
The and size of 
these peaks define the force necessary to start rolling at any point 


average value of the friction force number 


on the sample surface and thus they are analogous to starting- 
torque values for ball bearings. 

For the first pass of a ball on new plates the friction force is 
greater than for succeeding passes over the same track. Fig. 4 
contains the reproductions of the friction traces for passes in the 
same direction over the same portion of the track Most of the 
reduction in the rolling force occurs between the Ist and 3rd passes 
while any subsequent reduction is slight. The larger friction 
value for the beginning passes represents the work of plastic de- 
formation in addition to the rolling work. After the surfaces be- 
come sufficiently deformed to carry the load, equilibrium condi- 
The re 
sults of this plastic work are plainly evident under large loads be- 
cause a groove 


tions are reached and further deformations are all elastic 


is actually formed in the plates. However, even 
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Fig. 4 Rolling-friction force as a function of number of passes 


for light loads where no apparent plastic deformation occurs this 
larger force for the beginning passes is observed. For hardened 
steel, equilibrium values of the rolling force are usually reached 
after just a few passes. 


value is used in this paper. 


Unless otherwise noted the equilibrium 


Variation of Sample Material 


Friction versus load curves for monel, cemented carbide, stain- 
less steel, and chrome-alloy-steel balls rolling on hardened 52100 
steel plates are shown in Fig. 5. The average rolling-friction 
forces plotted in this figure are the equilibrium values obtained 
after plastic deformation has ceased. All plates were hardened to 
a value of Re 50 and were unidirectionally abraded on emery 
The balls were all '/.-in- 
The 
balls were rolled perpendicular to the surface lay of the plates at 
an angular velocity of 0.12 radians per sec. 


paper to a roughness of 15 microin 


diam and had a surface roughness of less than 1 microin 


The curves reflect 
material properties such as modulus of elasticity, hardness, and 
elastic hysteresis of the samples. The modulii of elasticity of the 
ball and plate affect the magnitude of the contact stress for a given 
load 
tion at a given load before equilibrium rolling is established. For 
the Monel ball, plastic deformation starts at the lowest load em- 
ployed so that the whole curve represents rolling at contact 
stresses which 


The hardness determines the amount of plastic deforma- 


cause plastic deformation. For the cemented- 
carbide ball, plastic deformation starts at a load of approximately 
30 lb so that the lower half of the curve represents elastic rolling 
For the 


stainless-steel ball and the chrome-steel ball, plastic deformation 


} 


while the upper half represents plastic deformation 
starts at approximately 60 lb so that almost the entire curve is for 
elastic rolling. The curve for the stainless-steel ball is higher than 
that for the chrome-steel bal! because of the higher elastic hystere- 
sis of the stainless steel. From these curves it is apparent that 
the equilibrium rolling force increases rapidly once the contact 
stress becomes large enough to cause plastic deformation on 
initial rolling. 

In each of the curves of Fig. 5 the rolling force is a mono- 
tonically increasing function of load. To check possible relation- 


ships between these two variables, the data for a '/.-in-diam 
cemented-carbide ball rolling on a polished 52100 steel plate (Re 
The data 


can be fitted by two straight lines indicating that for low loads the 


60) are plotted on logarithmic graph paper in Fig. 6 


equilibrium rolling force increases as the 1.2 power of the load 
while for the higher loads the equilibrium rolling force increases 
as the 2.4 power of theload. For these particular samples, plastic 
deformation of the plate was observed at a load of approximately 
30 lb. Thus the increase of the equilibrium rolling force with an 
increase in load is greater in the plastic region than in the elastic 
region. It is felt that the difference between these two regions is 
primarily a function of the increase in stress amplitude, and thus 
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Fig. 5 Rolling force versus load curves for four 1/2-in-diam balls rolling 
on 52100 steel plates 
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Fig.6 Rolling force versus load for a cemented-carbide ball rolling on a 
hardened steel surface 


of hysteresis, with load The amount of plastic deformation even 


for the highest loads is very small and the groove thus formed is 


not sufficiently deep to bring into play slip of the Heathcote type 
For survey purposes, rough determinations of the equilibrium 


rolling force were made for a largs 


1 


number of plate materiais \ 


-in-diam ball of chrome-alloy steel (700 diamond pyramid 


hardness) at a load of 22 lb was used for all these tests. The plot 
of the equilibrium rolling force versus hardness of the plate ma 
terial is given in Fig. 7. The following is a list of the plate 
materials used with the diamond-pyramid hardness value 
per (44 
1045 steel 


530, 766): 


iven 


. 
£ 
various bronzes (78, 87 


183, 267, 


in parentheses: Silver (40); cop 
102, 111, 129, 143, 154, 258 1005 
steel (203, 310, 400, 52100 steel (190, 270, 630, 735, 
790); titanium (235); s Monel (247, 312, 380 
102, 760, 785, 804 tungsten (464 
and cemented carbide (900 


560, 616 


various tool steels 
stainless steel (230, 760 


While the scatter in the data is ap 
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Fig. 7 Rolling friction versus plate hardness for a chrome-alloy-steel 
ball rolling at constant load on various plate materials 


For 
plate-hardness values of less than 300 DPH, the rolling friction is 


preciable two definite regions in Fig. 7 are discernible: 


high and increases rapidly with decrease of hardness; and for 
plate-hardness values greater than 400 DPH, the rolling friction is 
low and is not affected greatly by changes in hardness. For plate 
hardness less than 300 DPH, the plates are plastically deformed on 
The 
amount of plastic deformation increases as plate hardness de- 
For plate hardness greater than 400 DPH the rolling is 
elastic thus giving a low friction force dependent primarily 
on elastic hysteresis of the semples. 


initial rolling which means high equilibrium rolling forces 


creases 


Variation of Plate Roughness and Orientation of Lay 


Fig. 8 shows the equilibrium rolling force versus load curves for 
‘/in-diam cemented-carbide balls rolling on hardened (50 Re) 
plates of 52100 steel of varying roughness and orientation of lay 
The plates were polished unidirectionally on varying grades of 
emery paper with the exception of the 1-microin. plate which was 
The ball 
Data for five combinations 


polished randomly on an abrasive-charged-cloth wheel 
roughness was less than 1 microin. 
were obtained: Rolling perpendicular and parallel to the lay of the 
15-microin. surface; rolling perpendicular and parallel to the lay 
of the 5-microin. surface; and, rolling on the 1l-microin. surface 
which had a random orientation of the roughness. For loads less 
than about 60 lb, the data divide themselves between two curves, 
one for perpendicular rolling on the 15-microin. surface, and the 
other for rolling on the 5-microin. and 1l-microin. surfaces; the 
values for rolling parallel to the lay on the 15-microin. surface fall 
between these two curves. For higher values of the load the indi- 
cation is that the two curves become one. 

While roughness and orientation of lay have only a small effect 
on the average rolling friction they have a greater effect on the 
The roll- 


ing-frietion peak histograms in Fig. 9 are for runs all made at 


size and number of rolling-friction peaks during a run 


about the same load (35 lb) on surfaces of varying roughness and 
orientation of lay. The histograms are graphical representations 
of the frequency distributions of the friction peaks measured with 
respect to the average of the trace. The histogram for rolling 
perpendicular to the lay of the 15-microin. surface covers the most 
area and is the broadest indicating the largest number of friction 


peaks per inch of rolling and the largest maximum peak (0.045 lb, 
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Fig. 8 Rolling friction versus load curves for varying plate roughness 
and orientation of lay 
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Fig. 9 Histograms of rolling-friction peaks of a cemented-carbide ball 
rolling at constant load on steel surfaces of varying roughness and 
orientation of lay 


ten times the average friction force for this run). The average 


peak size is 0.015 lb. Next in order of decreasing average peak 
size is rolling perpendicular to the lay on the 5-microin. surface 
with a value of 0.009 lb 


face and on the 5-microin 


Parallel rolling on the 15-microin. sur- 

surface and rolling on the random 
polished 1-microin. surface 
about 0.006 Ib 


the ball effectively sees a much smoother surface than when rolling 


all have an average peak value of 
When rolling parallel to the lay of a rough surface, 


perpendicular to the lay 


Effect of Material Homogeneity 


The appreciable number of friction peaks measured for even 
the smoothest steel surfaces may indicate that the friction peaks 
are not only due to geometrical irregularities but may be due 
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Fig. 10 
geneity 


Rolling-force recordings illustrating effect of material homo- 


To test 
this hypothesis, homogeneous samples of fused quartz and of syn- 


partly to the inhomogeneity of the samples themselves 
thetic sapphire were subjected to rolling tests. Fig. 10 shows the 
results. The top trace is for '/,-in-diam synthetic sapphire ball 
rolling between quartz plates while the bottom trace represents 
52100 ball the 
The load and the average rolling force were 
All the surfaces 
were equally highly polished so that if surface irregularities caused 
the variation in the rolling force for the steel ball they also should 
The 


fact that they did not is held as evidence that the inhomogeneous 


a '/,-in-diam hardened steel rolling between 
same plates 


approximately the same for both combinations. 
have caused the same variation for the synthetic sapphire. 
structure of the steel is the cause for the friction variations 


Relationship Between Rolling Force and Material Damping 
The 


stresses resulting from the contact of ball and plate are carried 


The rolling ol a sphere on a plate is a cvelic process 
along with the moving contact. Elements of volume in the sam- 
ples ire cyclically stressed as the stress field passes through them 
This cyclic stressing is accompanied by a hysteresis loss which 
appears to be the primary source of energy dissipation during 
rolling. 

Fig. 11 shows the ball and plate in the vicinity of the contact 
area subdivided into blocks of thickness Ar, each bounded by the 
sample surfaces and by planes perpendicular to the direction of 
rolling. The strain energy stored in each of these blocks is a 
function of the contact pressure and the elastic constants of the 
material. The stored strain energy in the blocks in the ball V; 
and in the blocks in the plate V2 is plotted as a function of the 
The 
exact shape of these curves is not known but the essential fact is 
that the 


the contact area 


distance of each block from the center of the contact area 


strain energy is a maximum for the block at the center of 
As the ball rolls a distance Az the energy dissi- 
Ar times the 


pated is friction force F and the strain energy in the 
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Fig. 11 Strain energy stored in ball and plate in vicinity of contact area 


Journal of Basic Engineering 


Effectively this 
energy change between blocks is equivalent to one block in the 


blocks is changed according to these curves. 


ball and one block in the plane being subjected to the cycle of 
zero strain energy to maximum strain energy to zero strain energy 

By definition, the specific damping capacity is the ratio of the 
energy dissipated during a cycle to the maximum strain energy 
stored during the cycle. Thus the specific damping capacity for 
the rolling ball is 


FAr 
Vis max + Ve m:x 


SDC = 


Since F is determined experimentally, all that is needed for cal 

lation of the specific damping capacity is the value of Vmax for ball 
and plate. Choosing a co-ordinate system with the origin at the 
center of the contact area, the z-axis extending in the direction of 
rolling, and the z-axis extending into the sample, the complete 
stress distribution in the y-z-plane for a sphere contacting a plane 


is given by Huber [5]: 


sp-@l 


where u is defined by the equation 


P is the force pressing the sphere against the plane, a is the radius 
of the circular contact area, v is Poisson’s ratio, and E is Young’s 


The strain energy in the element of vo 


Az | dydz 


Is given by 


imboee 


modulus ime 


0.3 and substituting ¢ quations 


the resulting double integral was evaluated by 


Assuming ! 
numerica 


integration on an IBM 701 electronic computer giving the follow 


tion (5 


ing answer:? 

2 This differs from the 
4 pplied Physica, vol. 6, 
rolling. For 
0.256 


British Jou 
work 


value used by Tabor 
79) for the elastic 


I abor's value 


1955, p invol 


a Poisson's ratio of 0.3 
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Table 1 
data 


Specific damping capacities calculated from rolling-friction 


SDC 
Material per cent 
52100 steel (Re 60) 0.7 
1020 steel (Rb 80) 2.8 
MnCu Alloy (Rb 70) 14.9 


2 


0.1315 Az 


V mas 
a’E 


I-quation (1) for the specific damping capacity thus becomes 


» 
SDC = (7) 


___ Pt ( ces 
0.1315 t 
a’ E, Q 


where EF, and E; are, respectively, the Young’s moduli for ball and 
Equation (7) is only applicable for values of the load which 
do not cause any plastic deformation. 


plate 
When plastic deformation 
does occur the geometry is no longer a sphere contacting a flat 
Table 1 shows the 
specific damping capacities for three different materials, deter- 


plate and equations (2) are no longer valid. 


mined from rolling tests made at a mean compressive contact 
stress of 55,000 psi. The values calculated for 52100 steel and 
1020 steel agree roughly with accepted specific damping capacities 
for alloy and mild steels determined from other tests. The agree- 
ment is not exact becaure the stress distribution for the rolling 
ball is different from that employed in the usual tests, and the 
The 
high rolling force measured for the MnCu alloy with the conse- 
The 
Bureau of Mines 


SDC is known to depend on actual test configuration [6]. 


quent high SDC of 14.9 per cent is also to be expected 
MnCu is a special alloy developed at the U. 8 
(7 | with an unusually high damping capacity 
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Conclusions 


1 The hypothesis that the energy lost in rolling a ball on a 
plate is dissipated in hysteresis losses of the elastic strained metals 
is confirmed by our experimental results tolling-energy meas- 
urements can be translated into material hysteresis losses giving 
reasonable specific damping capacities. 

2 The average rolling force is not very dependent on surface 
roughness and orientation of lay. 

3 The frequency distribution of rolling-force peaks is a func- 
tion of surface roughness, orientation of lay, and material homo- 
geneity. These peaks are many times larger than the average 
rolling force. 

4 The equilibrium rolling force increases more rapidly with 
load in the range where plastic deformation occurs than it does in 
the load range where only elastic rolling occurs. 
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On the Effect of Lubricant Inertia in 


A. A. MILNE 


Department of Scientific and 
Industrial Research, Mechanical 
Engineering Research Laboratory, 
Thorntonhall, Glasgow, Scotland 


ects of lubricant inertia in the laminar regime 
approached by first determining the stream function for a 
purely viscous flow and then obtaining the first-order 


the Theory of Hydrodynamic Lubrication 


A theoretical study 1s made of the corrections required to the bastc lubrication equations 
to allow for small eff 


The problem is 
wedge-shaped oil film with 
For the 


correction for inertia 


particular case when the convergence of the film is small, the resulting expressions for 
pressure gradient and tangential drag are compared with those obtained by other methods 
Close agreement is found with Kahlert’s equations, but the present expressions are more 


general in form 


It would appear that, in general, the effect of lubricant inertia is to 


cause a slight increase in the load capacity of a bearing 


I. THE CLASSICAL THEORY Of hydrodynamic lubric 
is assumed that the effect of lubricant inertia is small 
compared with that of lubricant viscosity. The relative magni- 
tude of the various terms in the equations of motion has been ex- 
amined by Kahlert [1],! among others, and it may be shown that 
the ratio of the inertia to the viscous terms is of the order of mag- 
nitude of (pUh?/nL), where U is the bearing surface velocity, h is 
the representative film thickness, and L is the representative bear- 


tion it 


ing length. Insertion of typical values shows that in most appli- 


cations of hydrodynamic lubricaticn theory the inertia effect is 
indeed negligible, but with current trends toward higher operat- 
ing speeds and the use of lower-viscosity fluids the effect is likel 

there are eve! 


to become of increasing importance; in recent work 


suggestions that turbulent conditions have been encountered [2 
3]. This paper is concerned with some theoretical considerations 
of the probable influence of inertia upon bearing performances 
under conditions in which the lubricant inertia has 

cant effect but the flow is still laminar. 

In previous treatments it has been assumed ab initio that the 
lubricant film is very thin. Under such conditions Slezkin and 
Targ [4] suggested that the inertia effect might be averaged across 
the film; a modified form of Reynolds equation is then readil) 
obtained for steady conditions and this has been partially in- 
tegrated by Osterle, Chou, and Saibel [5] 
note that a similar expression may be obtained by a slight modifi- 


It is interesting to 
cation of boundary-layer theory [6]. These methods, while of 
interest, involve the rather dubious assumption of a parabolic 
velocity profile in the lubricant film and lead to appreciably dif- 
ferent estimates of the inertia correction from that obtained by 
Kahlert used an 
iteration procedure for examining the influence of inertia upon 


Kahlert [1] in a more satisfactory treatment 


the velocity distribution and studied the effect upon performance 
of both the slider and the journal bearing in some detail. La- 
danyi [7] studied the influence of bearing-surface acceleration 
but ignored effects caused by variations in particle velocity within 
the film 

The present paper approaches the problem from a different 
[8] that certain 


starting point. It has been shown previously 


1 Numbers in brackets designate 

Contributed by the Lubrication Division and presented at the 
Annual Meeting, New York, N. Y., November 30—December 5, 1958 
of Tae AmerRIcaAN Society oF MECHANICAL ENGINEERS. 
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understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, Septem- 
ber 3, 1958. Paper No. 58—A-195. 
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aspects of the theory of hydrodynamic lubrication can be dis- 


cussed in terms of a two-dimensional stream function; this ap- 
proach does not depend upon the classical initial assumption of a 
thin film 


the stream function must satisfy the biharmonic equation and the 


When purely viscous effects are under consideration 


given bourdary conditions; the particular case of a wedge-shaped 


oil film has been treated in some detail [8] while the film between 


eccentric cylinders has been discussed by Wannier [9]. An exact 

solution for the stream function when the inertia terms are re- 

tained ippears unlikely to be obtained for the geometrical con- 

figurations of practic al interest The 
| that described by 


therefore, follows 
the stream function is 


method to be adopted 
Anzelius 10) in which a 


series form of issumed, the sequence of 
terms in de scending powers ol the kinematic viscosity re present 
In the 


vergence appeared to 


ing successive approximations for the inertia correction 


problems investigated by Anzelius the cor 
he acceptable On the assumption that the inertia effect is rela 
tively small the 


edge-shaped oil film will be derived. For the 


first two terms of the stream function for a 
particular case 
hen the convergence is small the resulting expressions for pres 


gradient and frictional drag will be t ired| with those ob 


other methods 


Theory 
It will 


sity is constant, that there are no extraneous forces, and that 


be assumed that the fluid is incompressible, that the vis- 


motion is steady Under these conditions the differential 


yuntions of motion ot fluid in two dimensi - ' 


Op no ( 
rod o 


where p is the density of the fluid and 7 is the 


ducing a stream function W such that 


dy 





and eliminating the pressure gives the following equation for y: 


nv'y = 2 (2% ov'y = by ed) 


r or 06 06) «Or 


1 
+ L,6 sin 30 + M,@ cos 39] + > [N, sin 20 + O; cos 26 
r 


(3) P, sin 40 + Q, cos 40] (9) 


9 2 2 
. , , , , Ww A, = —2AB — B* + ( 
Following Anzelius [10] the stream function may be considered here : 

as a series in the form 9AC + 2BC 


v-w+(2)u+(2) vs ( : ABC 


242 


where 


—2BH + 2GC — 2BF 
V've = 0 - 


2BG — 2CH + 2CF 
and V'Ves - b  (f J, = —8AH — 6BH — 6CG 


oy,, OV, oy,, 7¥e) K, -~8AG — 6BG + 6CH 
or 06 o6 or L, = 8BG — 8CH 
This stream function may be determined by first obtaining a M, -8BG + 8CH 
solution for the biharmonic equation VtW> = 0 and subsequently : 
evaluating the successive terms in the series. The first term Wo N: * SPH 
is the solution for purely viscous flow and for laminar motion 
solutions are already available for the particular cases of a slider 
bearing [8] and for a journal bearing [9]. The successive terms, P, = —8H? + 86° 
1, W. . . represent the corrections that require to be introduced ( 
to account for inertia effects. The calculation of the first correc- a 


O —8FG 


—16GH 


tion term for the case of a slider bearing will now be discussed. The particular integral of equation (9) may be written in the 
Consider two planes in relative motion inclined at an angle to 

each other and held apart by the hydrodynamic pressure in the — 62 26) 
- sa é - in ‘ 3.8 cos 2 ',6? sin 26 + - 

fluid between them. Under steady conditions let it be assumed ¥1 = 77[A26 sin 20 + BO 26 + C,6? sin 26 + D,6? cos 26) 

that the planes move with velocities U; and U, toward the origin. 4+ r[F,6? sin 6 + H.6? cos 6 + J2 sin 36 + K, cos 36 

The boundary conditions to be satisfied are therefore + L.0 sin 30 + M,.0 cos 36] 

1 oy + [N60 cos 20 + 0,0 sin 20 + Pz sin 46 + Q; cos 48] (11) 

= U, | 

06 

1 ow 


meen a 


form 


0; y=Q, 


where 


| (6) ; : 
| 


where Q is the flow per unit length delivered by a line source at 
the origin. 

The stream function for purely viscous, steady flow has been 
given previously [8] and is 


Yo = r(A sin 06 + BO cos 6 + CA sin 8) 
+ (FE 4 Fé + G cos 206+ H sin 20 


where 
A (UB? + UB sin B)/(B? — sin* B) 
B = (—U;, sin? B — U.£ sin B)/(8? — sin? B 
[Ui(sin B cos 8B — B 
U.(B cos 8 — sin B)]/(8? — sin? B) 
Q(sin B — 28 cos B)/2(sin 8 — 6 cos B 
2Q cos B/2(sin B — B cos B 
Q sin B/2(sin 8B — B cos B 
-Q cos B/2(sin B — B cos B 


Inserting this value for Wo in equation (5) we obtain an expres- 
sion for the second term in the stream function in the form 


l 
Vy, [A, sin 20 + B, cos 20 + (€,@ sin 26 + D,@ cos 26) 


o 
r? 


[E, sin 6 + PF, cos 6 4+ J; sin 30 + K, cos 30 + 


r3 
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(12) 
cont’d 


1 
0, = ’ 
Ya = T90 


To satisfy the boundary conditions we introduce a comple- 
mentary function 


yi’ = r*[A; sin 20 + B; cos 20 + C30 + Ds] 
+ r[E; sin 0+ F; cos 0 + G0 sin 0 + H;0 cos 6] 
+ [N; + 0,0 + P; sin 26 + Q; cos 26] (13 


such that 
re) 
0 ( } 
’ ae Vi T Vv; 


(Wy 7 Vy’) 


o6 


hence determining the arbitrary constants A Q 
The complete solution therefore, is 


(15 


where K consists of terms of higher order in (p/n) that may be 


neglected in the first approximation. 


Pressure Gradient 


The pressure gradient along the planes is given [11] by 
Oop | 7n Oo on v 1 Ou 
or r OO| Od r r 0o6 


and for the stream function given by (15) this becomes 


Op 2 Ss 
. = 9 - B cos O 4. ¢ sin # + H cos 20 — G sin 20 
or r3 r3 


f 4 


+ p } 2A. sin 26 2B, cos 26 
, 


3 cos 29 — 46 sin 20 


Ds 3 sin 26 + 40 cos 20 


(3 cos 6 — 26 sin 0 


3G.(sin 6 + 36 cos 6 - 
+ Hz 20 cos 6 
127, cos 30 — 12K; sin 30 
L.(13 sin 30 4 


6 sin 0 


3 sin 6 + 


1280 cos 30) 
126 sin 360 
G; sin 6 + H; cos 6 


M.(13 cos 36 - 


3 cos 26 — 26 sin 26 


+ Op 26 cos 26) 
16P2 cos 46 — 16Q, sin 46 


2P; cos 26 — 2Q,; sin 26 | 


3 sin 20 


which, along @ = 0, is 
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13M, + H;} 


2P,} 








where 


 2(1 — cos 28 — B sin 28 
1.) (1 
Bf (1 


cos 26)(26 — sin 28); 
cos 28)? — 2(1 — cos 28) 4 


C,} 28 ] cos 28 p Sin 28 } 


D2} 28(8 sin 28 + cos? 28 


28 sin 28} 


cos 28)} 


2 , Db cos pb ? SIN re Bp? Bln p 
8? cos Bp 28 sin B)} 
+ H,}(8 cos 8B + sin B B* cos B 


28 COS re] } 


8 sing 


— (8 sin 8)(6* sin 8 


J} (8 cos B + sin 8)(3 sin B sin 38 


B sin 8)(3 cos B — 3 cos 38)} 
K,} (8 cos B + sin 8)(cos 8 
6 sin B 
L.| (8B cos B + sin B 
B sin B 


cos 38 


3 sin 38 sin B)} 

6 sin 3p 
—sin 38 38 cos 38)} 
sin B 


3p + 


2} (8 cos B + sin B 


sin 8 


B cos 38 
38 sin 38)} 


cos BP — cos 


sin > 
cos 28)*} 
0.) (1 cos 28)(sin 28 
P,}4 sin 28(28 + sin 28 cos 28 
+ Q.}4 sin 2B(1 - 


28); 
2 sin 2p)} 


me ORY21 
cos 2p ; 


and A Q, are given by the relationships (12), (10), and 
Consider now the case when @ is so small! that 6?< 1 


roregoing expressions reduce to 


12Q 
r3p8 


= (s 
r?(3? 35 ) 

This expression may now be applied to a section of film in a 
hydrodynamic slider bearing. The first group of terms repre- 
sents the ordinary pressure gradient term while the second 
The 
expression enables a quantitative estimate to be made of the 
relative importance of the various factors 


represents the first approximate correction for inertia effects 
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Frictional Drag 


The shearing stress in the fluid is given by: 


Ou v 1 Ou 
le q 
or r r o@ 
and for the stream function given by (15) this becomes 


4 
B sin 8 — C cos 8) 4 : (G cos 26 + H sin 20 | 


r? 
26 sin 20 7 
B,(2 sin 20 + 26 cos 20) 
o(sin 20 + 49 cos 29 — 26? sin 20) 
cos 20 + 46 sin 20 + 26? cos 26 
+ 44; sin 20 + 4B, cos 26 | 


> cos 26 4 


sin # 20 cos 0 


+ H.(—cos 6 + 26 sin 8 

+ 4], sin 30 + 4K. cos 30 
L.(—3 cos 30 + 46 sin 38) 
M, (3 sin 36 + 40 cos 38) 


_ G; cos 6 T H sin 6 


2 (sin 20 6 cos 20 


O.(—cos 26 + @ sin 20) 
1P,. sin 40 iQ). cos 40 
P; sin 206 4+ Q; cos 20 


4 + 


while along 4 


2 
tee 5 eae 


T 1K, = 3l, - Gs} 


+ 40. + Qs} 


where 


+28 18? cos 28) J 
28 + 26 cos 2B — sin 28 
sin 26 cos 28 + 46? sin 28) 
18% cos 28 28? sin 28 
28 sin? 28) 
28? + 28 sin 28 cos 28 








133 sin 28 — 28? cos 28)_| 
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] 
(8? — sin? B) 


F,| —B* sin? B 


G,; = 


8 cos B — sin 8 
8? cos B + 28 sin B)!} 
8? sin B cos B + (8 cos B 
8B? sin B — 28 cos 8)} 
+ J2}8 sin B(3 sin B — sin 38 
+ (8 cos 8 — sin B)(3 cos B 
K,} 8 sin B(cos B — cos 38 
B cos B sin 8)(3 sin 38 — sin 8)} 
8? sin 8 sin 38 — (8 cos B — sinG 
sin 38 + 38 cos 38)} 
+ M,}8 sin B(sin 8 — B cos 38) 
cos 8 — cos 38 + 38 sin 38)} 


+ H,} - sin 8 


3 cos 38)} 


+ Lo} 


8 cos 8B — sin 8 


l 
cos 28 8 sin 28 
| N.{ 48? sin 28 1 cos 28 
28 + sin 28)} 
Oz} sin? 28 — 48? cos 28; 
P.}4(cos 2f 1)(28 — sin 28 cos 28) 
- § sin? 28(sin 28 — 28)} 
+ Q.}4 sin? 2B(cos 28 — 1) 


g 8 sin 26 cos 2B(sin 28 — 28)}_|] 24) 








and A; to Q, are given by the relationships (12), (10), and (8). 


Again, if B is so small that 6?< | then along 8 = 0 


5. [ QU ls 3Q 
Prd " ’ r2Q2 


UU, 4U,? | 
105 4 


2U2) Q: / 6 ) - 
+ _ 25) 
35 4 r232 35 


and this expression also may be applied to a hydrodynamic slider 


rp 7 


bearing to obtain a first approximate correction for inertia effects. 


Comparison With Kahlert’s Analysis 


It is interesting to compare the expressions in the previous sec- 
tion for the particular case when § is small with those derived by 
Kahlert [1]. 
hydrodynamic lubrication theory, retaining in addition the iner- 


Kahlert started with the usual approximations of 


tia terms, and showed that for a thin lubricant film the two- 
dimensional] equations of flow reduced to 


udu vou dp 
p 4 —— 
oz oY dz 


together with the continuity equation. 


(26) 


He assumed a velocity 
and pressure distribution in the form 
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"rT 
where terms with the subscript 1 represented conditions when the 
and those with the subscript k repre- 
He 


and p; known from classical theory into 


inertia terms are negligible, 
sented the smal! corrections required to account for inertia 
inserted values for u 
(26) and derived values for the correction terms in the form 
a 

if 


1 dp, 


2n dz 


( ho \? ho 
‘ + 15 

h h 
the film thickness where dp,/dz = 0. 


Substituting the given values for (30) in equations (28 
29) and determining the correction terms we get 


)-s | 
and he is the value ci 


and 


(>) 


dp, * 2 pU? | a 
dz 8 . oe 


dh 


then inspection of equations (20) and (25) shows that for terms 
in U,? the expressions are identical with those in equations (31 
and (32 
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Kahlert considered only the cause where the plane y 0 was 


moving. If his method is extended to include the case when the 
plane y = A is also moving, with a velocity U2, then additional 
terms in equations (28) and (29) are required. It may be shown 
that these terms are similar in form to those given, the only dif- 
ference being in the values of K,, Ke, Ks, and Ky. Evaluation of 


these gives for the terms in UU, the values 


K, 


1 for those in [ 


K 


K, 


and inserting these values in the appropriate expression yields 
equations for the pressure gradient and frictional drag identical 


with those in equations (20) and (25 


Discussion 


The foregoing analysis presents a method of estimating a first 


or the correction due to inertia effects in laminar 
the 


general in form than those previously obtained 


approximation 


flow between inclined planes final expressions are more 


In principle, it 
analvsis to higher degrees ol 
that further terms in the 


are liable to become 


should be possible to extend the 


approximation but it would ippear 


series for the stream function excessivel) 
complicated. 

For the particular case when the angle between the planes is 
small the analysis may be applied to consideration of the effects of 
inertia in a lubricating film and the reduced expressions may be 
compared with those obtained by Kahlert. The two methods 


essentially similar in principle but, in view of 


re 
the considerabl 
differences in detail, the final agreement is highly satisfactory 
As Kahlert has already integrated equations equivalent to (31 
and (32), and analyzed the performance of both journal and 
thrust bearings in some detail, it has not been thought necessary 
It would appear that, in general, the 


load 


to repeat the analysis here 


ause « slight increase in the 


effect of lubricant inertia is to 


capacity ot a bearing 
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A method of relating surface finish to minimum oil-film thickness and the corresponding 


load capacity of plain journal bearings is presented with supporting experimental data 
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iis initial indication of the limiting failure load of a 
plain journal bearing is a sharp rise in friction coefficient, which is 
thought to be due to surface asperities protruding through the 
thickness of the hydrodynamic oil film. The increase in friction 
marks the threshold of bearing failure by overheating, although 
at moderate speeds some further increase in load may be achieved 
by “running-in’’ or wearing away the initial points of metallic 
contact. 

Prediction of allowable safe bearing loads usually has been 
based on experience, using some parameter such as the Sommer- 
feld number, the load number, eccentricity ratio, or the minimum 
oil-film thickness. In general, these give allowable loads including 
a factor of safety, rather than the failure load. The ratio of the 
failure load to the allowable load is the factor of safety, a term 
Better 
understanding of the factors related to the failure load capacity 
is needed. 


which has been difficult to determine in bearing design. 


Hydrodynamic lubrication theory predicts that an infinite load 
may be supported by a rotating journal bearing. The theory as- 
sumes an idealized bearing and journal with perfect geometrical 
shapes and surfaces, and does not incorporate the practical varia- 
bles of roughened surfaces and load distortion. It is these prac- 
tical variables which limit the loading to less than an infinite 
value. Hydrodynamic theory predicts load capacity for rela- 
tively thick films realistically, and also may predict values of 
loading for marginal films, if some criterion is established for de- 
termining the magnitude of the marginal film thickness. 

This paper proposes a criterion for determining the limit of hy- 
drodynamic lubrication based on the magnitude of the roughness 
of the surface finish of journal and bearing. Perfect alignment of 
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Note: Statements and opinions advanced in papers are to be 
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Nomenclature 


The effect of clearance on load capacity and friction are shown on graphs indicating an 
optimum bearing clearance 


the journal and bearing is assumed and only surface roughness is 
considered. Analytically determined design curves are presented 
giving the load capacity of a bearing corresponding with a mini- 
mum film thickness limited by the irregularities of a given surface 
finish. Experimental load-capacity data are compared with 
analytically determined data. 

In the analytical curves presented, the form of plotting has 
been chosen to show directly the influence of clearance ratio and 
The method of plot- 


the influence of clearance and 


minimum film thickness on load capacity. 
ting also makes it possible to sho 
film thickness on journal and bearing friction, showing the con- 
ditions for minimum friction. Although eccentricity ratio is the 
fundamental variable in the hydrodynamic equations, the equa- 
tions are rearranged to give a form of plotting which emphasizes 
clearance and minimum film thickness rather than eccentri- 
city ratio. In heavily loaded bearings, the changes in eccen- 
tricity ratio are relatively small for large changes in load whereas 
the changes in minimum film thickness are relatively greater 
The curves and data presented in this paper were determined in 
«a bearing research investigation under the sponsorship and 
National Advisory 
details of the 


financial assistance of the Committee for 


Aeronautics. The research are presented in 


reference [1]. 


Film Profile With Surface Roughness 


Normally, the lubricating film is viewed as flowing circum 
The film at the 
point of closest approach is regarded as having a thin transverse 
profile between ideally smooth surfaces 


ferentially in an ideal wedge as shown in Fig. 1. 


The true film profile, 
however, is bounded by irregular surfaces in which the magnitude 
and distribution of irregularities depend upon the method of 
manufacturing the surfaces. The irregularities of the surface are 
usually determined with a surface-measuring instrument which 
gives an indication related to a mean height of the irregularities 

Tarasov [2] has examined the nature of the irregularities pro- 


1 Numbers in brackets designate References at end of paper 





diametral clearance, in 

bearing diameter, in. 

eccentricity of journal and bearing 
axes, in. 

lateral component of eccentricity, 
e sin @, in. 

friction force, lb 

minimum film thickness at point 
of closest approach, in. 


Journal of Basic Engineering 


bearing length, in 

journal speed, rps 

applied central load in bearing, Ib 

unit load on projected area, P/LD, 
psi 

attitude angle, angle between load 
line and line of centers of jour- 
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viscosity of fluid, reyn 
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duced by common machining processes. From 2500 magnifica- 
tion of surface profiles, he shows that in any given surface there 
ure two orders of irregularities. For most of the surface extent 
there is a predominant roughness consisting of relatively small 
irregularities at small intervals. In addition, at relatively large 
intervals, there are high peaks and deep valleys. 
shown diagrammatically in Fig. 2. 


These are 
Tarasov shows three lines 
drawn on the profile, one tangent to the high peaks, one tangent to 
the deep valleys, and one through the relatively small but pre- 
dominant irregularities. He defines roughness by the magnitudes 
of the irregularities measured from the top line, or ideal mating 
surface, as shown in Fig. 2. ‘Deepest maximum roughness’’ is 
the height from the ideal mating surface to the bottom of the 
deep valleys, and “predominant peak roughness” is the height o! 
the irregularities from the ideal mating surface to the line through 
the predominant surface. For most surfaces, the greater rough- 
ness is approximately twice the smaller. 

Tarasov compares the magnitudes of these roughnesses with 
those determined by profilometers and presents factors by which 
the profilometer readings in microinches rms should be multiplied 
to determine the foregoing values of roughness. In ground sur- 
faces, for example, the predominant peak roughness is 4.5 times 


the profilometer value. It is to be noted that this is a ratio ap- 
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Journal bearing with steady central load 


-—\IDEAL MATING SURFACE 


Fig. 2 Typical profile of c ly ufactured sur- 
faces with rough es defined by Tarasov. Relation of 
actual roughness to profilometer values (rms) are given 


for common surfaces. 








plying to any fineness of grinding. Factors for other types of 
finish are given in Fig. 2 

Applying Tarasov’s idealizations of surface profiles to journal 
bearings, the minimum film profile may be visualized as in Fig. 3. 
The peaks of the journal and bearing surfaces are shown in initial 
contact. The condition shown may be regarded as the limit of 
hydrodynamic lubrication in the sense that a steep friction and 
temperature rise, and possible failure, may be expected because of 
metallic contact at the peaks. However, hydrodynamic support 
continues to exist because of the oil film between the predominant 
surfaces It may be hypothesized that at initial contact of 
the surfaces the minimum film thickness is the sum of the pre- 
dominant peak roughnesses of the two surfaces. For example, 
If both 
parts have this finish, the corresponding minimum film thickness 
at first contact of the peaks is (2)(10)(4.5) = 90 microin. The 


calculated minimum film thickness at impending failure is there- 


consider a smoothly ground finish of 10 microin. rms 


fore relatively much larger than the usual surface-finish reading. 


Load Capacity Versus Minimum Film Thickness 


Hypothesizing that the distance between the predominant sur- 
faces at initial contact of the peaks as shown in Fig. 3 is the effec- 
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Fig.3 idealized profile of minimum film in a journal bearing at condition 
of minimum coefficient of friction when peaks of surfaces ore at initial 
contact 


IDEALIZED 
FILM PROFILE 


tive film thickness, the corresponding load capacity can be de- 
termined by hydrodynamic theory. Although load capacity is 
conventionally determined as a function of eccentricity. ratio, it 
is possible to relate load capacity to minimum film thickness as 
shown in the following steps: 


According to the short-bearing approximation [3], the bearing ° 


variables are related to eccentricity ratio in the following equation: 


Pp Ca ‘ D 2 Wn ' , 1 / 
V D I = ; “a [71 — n?) + 16n?]/* (1) 
"7 | (1 — n?) 


In Equation (1), the term (1 
(1 — n)*%1 + n)? in which (1 n) is related to the minimum film 
thickness h,, and diametral clearance C, as follows: 


n*)? may be factored to yield 


(2) 


Substitution of Equation (2) in Equation (1) yields the follow- 
ing relationship in which minimum film thickness replaces the 
diametral clearance: 


P A, \* {f D\* 7m ee 
V D I = “1 2 [w(1 — n*) + 16n?] /* = f(n 
v9 F +n 


(3) 


Pp ( D \? f(n 4) 
= — ( 
UN VL ) hy, 


(3) 


The left-hand term of Equation (4) is the film-capacity number 
in dimensionless form and is an indicator of film-load capacity. 
Numerical inspection shows that f(n) in Equations (3) and (4) 
changes slowly for high values of eccentricity ratio corresponding 
to heavy loadings in bearings. For example, for values of n = 
1.0, 0.7, and 0.5, the values of f(n) are 0.785, 0.683, and 0.590, re- 
spectively. In Fig. 4, where Equation (4) is plotted on logarith- 
mic scales, the solid lines for n = 0.7 and 1.0 are close together, 
showing relatively small dependence on eccentricity ratio for a 
given film thickness. In Fig. 4, the short bearing approximation 
gives the same line for any L/D less than 1.0, and for L/D > 1.0 
a value of 1.0 should be used for L/D in the film-capacity number. 

The Cameron and Wood analytical solution [4] is represented 
in Fig. 4 by dashed lines for n = 0.58 and 0.95, both for L/D = 
1/2. The lines for n = 0.58 represents the maximum values ob- 
tainable from this solution for a given film thickness. This in- 
dicates that for a given film thickness the maximum load ca- 
pacity as given by Cameron and Wood is reached at a bearing 
clearance which gives n = 0.58 at this film thickness. Atn = 
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Fig.4 Curves of film-load capacity against minimum film thickness com- 
pared with experimental data by Burwell, et al., for bearings of L/D of 1/2 


1.0 the film-capacity number approaches zero so that the line for 
n = 0.95 is shown. 


Experimental Data 


The experimental data points shown in Fig. 4 are from an ex- 
perimental investigation of the effect of journal surface finish on 
bearing performance by Burwell, Kaye, van Nymegen, and Mor- 
gan [5] who present test data which have been reduced and 
plotted for comparison with the analytically determined curves 
These data were obtained from friction runs of a pair of partial 
bearings against a common journal in a nutcracker-type machine 
as shown in Fig. 5, which also shows a table of the original data 

The primary objective of the tests was the determination of 
the Sommerfeld number at the point of minimum coefficient of 
friction and its relation to surface finish. As shown in the table 
of Fig. 5, the smoother the finish in microinches rms, the lower 
The hook 
point or point of minimum coefficient of friction presumably is 
the point where metallic contact of the surfaces begins 


the value of Sommerfeld number at minimum friction 


The 
For all of the 
bearings the surface finish was between 6 and 10 microin. rms 


table gives values of surface finish of the journals 


It is important to point out that all journal and bearing pairs were 
tested without that of the 
method of loading in a nutcracker type machine, journal bending 


previous running-in, and because 


did not become a variable in the tests All bearings were of 
L/D approximately equal to 1/2 
The reduction of the Burwell, et al., data for plotting in Fig. 4 
is shown in Table 1. The film-capacity number is determined 
from the Sommerfeld number, the clearance ratio, and L/D ratio 
given for the tests in Fig. 5 as follows 
) y 


SEY = (SAS) te) ( 
(a) Cz) 
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Table 1 Reduction of Burwell, et al., data to values of fil fil 
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The film-capacity number thus determined is for the condition — 
where the friction coefficient is a minimum, and the surfaces are If | 
presumably about to make initial contact. The corresponding r 7 (2) 
minimum film thickness is determined using the hypothesis that . |} ’ 

| 


the film thickness is equal to the sum of the predominant peak 
roughnesses of the journal and bearing surfaces. As shown in 


| 

7. 
Table 1, for each specimen the maximum journal roughness in ae 
microinches rms is multiplied by the proper Tarasov factor to 
determine the predominant peak roughness. For the grit-blasted 
surface, the correct Tarasov factor is not known and the value of 
10 for loose-abrasive lapped surfaces was used giving a “wild 
point.’”’ For the bearing surfaces, an average value of 8 microin. 
rms is multiplied by the same Tarasov factor used for the journal, 
since the type of bearing finish is not given. In Table 1 are shown 
the values of h,, and h,,/D determined on the basis of the hy- L 1.08 in 
pothesis. 
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As shown in Fig. 4 the experimental data thus obtained com- 
pare well with the analytically determined curves. The experi- 
mental data show the value of improved surface finish on bearing- 
load capacity. Considering the extremes of the data, the load 
capacity is increased almost one hundred fold in going from the 
turned surface to the superfinished surface. The analytical oem = = ose 
curves show that for high load capacity a very thin oil film be- GRITBLASTED - 012 
tween very smooth surfaces free of asperities is required. For de- GROUND 
sign purposes a line can be drawn below the one shown to provide GROUND 
some factor of safety, since these lines represent incipient failure eremeheee 
at the point of increasing friction. 
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Fig. 6 shows experimental data by three other experimenters 
for comparison with the analytical curves given by Equation (4). 
The data shown are not for the condition of minimum friction 
coefficient but are the results of experiments in which film thick- si pet gy —— ee Cuaraes 
nesses were measured. Fach of the experimenters used a different ee ate a eee ee 
technique in measuring journal position. In the Cornell experi- !9- 5 _ Typical curve of coefficient of friction against Sommerfeld num- 


ments [3], eccentricity measurements were made with dial gages ber obtained with o auteracker machine by Surwell, o al. The table 


: : ; : . gives Sommerfeld bers at mini friction as a function of journal 
through a mechanical linkage leading to a rubbing contact with finish. 
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Fig.6 Curves of film-load capacity against minimum film thickness com- 
pared with experimental data by Kreisle, by Battelle Memorial Institute, 
and by the authors 


the rotating journal. In Kreisle’s experiments [6] eccentricity 
measurements were made but with an amplified inductance in- 
strumentation which sensed the displacement of a nonrotating 
bearing under load Kreisle’s data are interesting in that he 
used bearings with L/D ratios as low as 1/53 which accounts for 
Both of these 
experimenters measured eccentricity so that minimum film thick- 


ness must be 


the high film-capacity numbers attained in Fig. 6. 


calculated using the measured clearance without 
regard to the influence of surface roughness on clearance. 
Dayton, Allen, Fawcett, Miller, and Grimble [7] of Battelle 
Memorial Institute appear to be the first experimenters to have 
In the words of the 
experimenters, “In these tests, a high-audio frequency voltage is 


measured minimum film thickness directly. 


applied across the oil film from a small electrode on the journal 
surface to the bearing. A cathode-ray oscillograph connected 
in parallel permits observation of the dielectric breakdown 
through the thin region of the oil film. The breakdown voltages 
are used to compute the thickness of the minimum oil film.”’ 
Measurement of journal position or film thickness in a bearing 
with sufficient accuracy is difficult, as most experimenters will 


Therefore, 


with the experimental data it is important to consider the 


agree. in comparing the analytical curves in Fig. 6 


methods used in obtaining the experimental data. In this re- 


spect, the experimental data by Burwell, et al., in Fig. 4 may be 


considered unique. Although these experimenters had not set 
out to measure minimum film thickness, their data may be in- 
terpreted as hay ing done sO Their technique may be considered 
an accurate method of measuring minimum film thickness be- 
cause of the direct relationship of the oil-film thickness to the sur- 
In effect the surfaces contain a mechanical yard- 


stick in their roughnesses 


face roughness 


Clearance and Load Capacity 


The influence of clearance ratio on film-capacity number is 
shown in Fig. 7 as detérmined analytically from the short-bearing 
approximation. Each curve is for a given minimum film thick- 
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Fig. 8 Comparison of film-load capacities according to solution of 
Cameron and Wood with those of short-bearing approximation 


ness and shows the load capacity of the film for a range of nor- 
mally used clearance ratios. The curves in Fig. 7 are a cross plot 
of the analytical curves in Fig. 4. Referring to Fig. 4, for a fixed 
minimum film thickness, values of film-capacity number may be 
determined for each eccentricity ratio n from the sloping lines 
With n and h,, known, the corresponding clearances may be de- 
termined from Equation (2) thus making possible the plotting 


For 
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of film-capacity number against clearance ratio as in Fig. 7 
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Fig.9 Alternate plotting of some of the curves of Fig. 8 to show more 
clearly the effect of L/D ratio on film-load capacity for two minimum film 
thicknesses 


a viven minimum film thickness, the clearance required becomes 
vreater us the eccentricity ratio increases, becoming infinite for 
an eccentricity ration = 1.0 

For those designers whose experience indicates that increasing 
the clearance of a bearing does not seriously affect the load 
capacity, the analytical curves of Fig. 7 are a mathematical con- 
firmation. However, many designers feel that there is a best 
clearance for maximum load capacity [8]. This is confirmed by 
the mathematical solution of Cameron and Wood which is shown 
in Fig. 8, the curves in Fig. 7 being repeated for comparison. The 
Cameron and Wood curves show that, for heavily loaded bearings 
with very thin films, the maximum load capacity is obtained at 
small clearance ratios and that the load capacity falls off relatively 
rapidly as the clearance ratio is increased 

The effect of L/D ratio on bearing-load capacity is somewhat 
difficult to interpret in Fig. 8 since it is contained in the film- 
capacity number on the vertical scale. The effect of L/D is more 
clearly shown in Fig. 9 where load capacity is given in terms of 
p/uN without the L/D term. In Fig. 9 both solutions show a 
decrease in load capacity with decreasing L/D as would be ex- 
pected. 

The differences between the two mathematical solutions on 
the effect of bearing clearance on load capacity are shown in Figs. 
8 and 9, appearing greater in Fig. 9 which has linear scales. The 
differences of the two mathematical solutions are due to the dif- 
ferent assumptions employed. Both account for end leakage 
In the short-bearing approximation the velocity profile in the 
circumferential film flow is assumed linear as shown in Fig. 1, 
which leads to simplifications in the mathematical solution. The 
Cameron and Wood solution includes the effect of pressure gradi- 
ent on these profiles which makes them curvilinear. Moreover, 
the Cameron and Wood solution is mathematically exact in 
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satisfying Reynolds differential equation. However, neither 
solution takes into account the effect of pressure on viscosity 
which may have an increasing effect on the load capacity at very 
high film pressures. Also neither solution takes into account the 
effect of the variations in oil-film temperature around the bearing 
on viscosity. This might alter the shape of the curves somewhat 
reducing load capacity and friction at small clearances due to 
higher local film temperatures 

The limited experimental data in Fig. 4 appear to support the 
curves of the short-bearing approximation. Un- 
fortunately, the same data do not include a sufficient range of 
clearances at some constant minimum film thiekness to be effec- 
tively compared with the 


analytical 


unalytical curve in Figs. 7 and 8. What 
is needed is a set of data from tests using the Burwell, et al., 
technique in which the series of specimens has the same fi 
but widely different clearances 


Friction Against Clearance 


10(a and b 
bers against clearance ratio for two L/D ratios 


Figs show curves of friction in dimensionless num- 
Several lines are 
different minimum film thicknesses, the 
friction number increasing 


shown on each curve for 
as the film thickness decreases 

The friction on the rotating journal and the stationary bearing 
are shown by different lines since the journal friction is greater 
than the bearing friction owing to the couple which is formed by 
the load vectors and the lateral displacement of the journal in the 
bearing as shown in Fig. 1. The difference of the two frictions in- 
clearance because as the cle irance 


creases with increases the 


lateral displacement also increases. This method of plotting is 
valuable to show the effect of increasing clearance but the di- 
mensionless variable lacks a diameter term to show the effect of 
diameter changes on torque The dimensionless variable is re- 
lated to force. However, it portrays clearly the effect of clear- 
ance changes on torque ind power loss fora given bearing diame- 
ter. It is always the larger torque on the rotating element, 
labeled “journal” on these curves which is related to power loss 
and heat generation. The dashed lines labeled “bearing’’ are 
included for clarity and possible use by experimenters who 
measure friction on the stationary element 

The journal lines show that the power loss and heat generated 
pass through a minimum at some clearance ratio depending on 
both L/D and minimum film thickness. The clearance for mini- 
mum power loss decreases as the L/D ratio increases. It is in- 
10(a) the 
minimum friction is at reasonable clearance ratios greater than 
0.001. However, since the curves for journal friction are rela- 
tively flat in the region of minimum friction the choice of clear- 


ance is wide and a large clearance may be specified. 


teresting to note that for the shorter bearings in Fig 


A large 
clearance has the advantage that larger oil flows and greater cool- 
ing of the oil is indicated 

The curves of Figs. 10(a and 6) were determined from the short- 
bearing approximation which gives friction as an eccentricity- 
ratio function in which the term (1 — n By substitut- 
ing Mquation (2) for (1 n) and manipulating algebraically, the 
following expression results giving friction as a function of mini- 
mum film thickness: 


appears. 


Y(n) 
h,, 
D 


in which 


n(1 — n) sin o( L/D)? 


2c *S 
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Fig. 10 Curves of journal and bearing friction against clearance ratio for a number of minimum film thicknesses as deter- 


mined from the short-bearing approximation for bearings (a) of L/D 


where 


+ 16n? 


In Equation (6) the friction number has a form similar to unit 


loading since F/LD is unit friction force based on projected area 
of the bearing. In this equation friction varies inversely as the 
first power of the minimum film thickness whereas load capacity 


10(a and b) have 
been plotted from Equation (6) in which Equation (2) is used to 


varies as the second power. The curves of Figs 
determine clearance ratio for a fixed value of h,, and various values 
¥(n) is determined from Equations (7 
term in Equation (7 


of n The first 
gives values which result in friction number 


for the bearing, and the second term re presents the added fric- 


and (8 


tion due to the load couple which must be added to determine the 
friction number for the journal. The second term is not only a 
function of eccentricity ratio but of L/D and the attitude angle @ 
as well 


Use of the Curves 


In the design of heavily loaded bearings, many variables other 


than surface finish and clearance are of importance Among 
these are elastic deflection and curvature of shaft and journal 
under load, out-of-roundness out-of-straightness, waviness of the 
surfaces, and any other factors which influence the profile of the 
minimum film and the load capacity of the film. However, if 
short bearings are chosen, many of these variables have a lessened 
influence, and the importance of surface finish may be increased. 

The curves of this paper are useful chiefly in specifying surface 
finish and clearance. The curves of Fig. 4 may be used to deter- 
mine an allowable minimum film thickness for a design situation 


in which the load, speed, and viscosity are known and the dimen- 
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1/2 and (b) of L/D 1.0 


sions D and L are ssumed Usir g Tar iwOV's lactors the suriace 


finishes may be specified to give film profile free of touching 


isperities The factor of safety may be incorporated by specily- 


ing surface finishes somewhat finer than indicated In cases 


where exceptionally smooth but costly finishes are indicated nw 


rougher finish could be made smoother by various methods of 


polishing or burnishing the surface, or by a careful run-in of the 
bearing. 
According to the 


short-beari ipproximation in Fig. 7 the 


choice of clearance is not criti 

While this 
ence of load capacity from clearance has not been verified ex 
The Cameron and Wood 


curves in Figs. 8 and 9, on the other hand, show that for maximum 


il so long as the clearance ratio is 


greater than 0.001 is it simplification, the inde pena 


perimentally for large clearance ratios 
load ¢ ipacity ¢ learance ratios smaller than commercially used are 


However 


1 definits 


require d. The se differer ces in the ory are 


differences 


interesting 


because of the it is difficult to make recom 
mendation on clearance choice until « xperiment il data are availa 
ble. If actual behavior shows that clearance ratio does not have 
then the choice 


1a and b 


i great effect on load « apacity, of clearance ratio 


may be made using Figs to give minimum power loss 


Conclusions 


The chief contribution of this paper is the presentation of curves 
of load capacity and friction in a manner which aids in clarifying 
the effect of film thickness and clearance ratio on the performance 
of plain journal bearings. The criterion for determining the load 
capacity of a bearing in terms of surface roughness and Tarasov’s 
factors appears to be well supported by the Burwell, et al 
mental data for L/D = 1/2 


, experi 


Concerning the effect of clearance on load capacity, the short 
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bearing approximation shows a relatively minor effect and the 
Cameron and Wood curve a relatively great effect, so that con- 
clusions in this regard should be held in check until experimental 
data are made available for comparison 
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DISCUSSION 
C. M. Allen’ 


The authors have once again demonstrated their very apt 
capabilities in the performance of a precise and definitive research 
program on sleeve bearings. The discusser would like to raise but 
two points concerning their paper. 

The first is concerned with the effects of surface roughness of a 
bearing-shaft combination on load-carrying ability. Unfor- 
tunately, surface-roughness indications tell only a portion of the 
story. True, Tarasov’s® factors for identifying “‘deepest and pre- 
dominant peak maximum roughness” are helpful in considering 
the possible effects surface roughness may have on load-carrying 
ability of journal bearings. However, even these factors do not 
provide any insight concerning the nature of the surfaces them- 
selves in that they describe only topography. A smooth, freshly 
ground hardened-steel surface has clumps of smeared metal (at 
least the ones produced at Battelle do) on the surface which, 
when studied with the electron-microscope, reveal loosely adher- 
ent fins of grinding fuzz. When such a surface is run in a bearing 
under very moderate loads, the clumps of smeared metal are sub- 
There 
are several instances of intimate contact between the bearing and 
shaft even under rather lightly loaded conditions. When the 
ground surface of the shaft is examined after a short running 
period, and one must be fortunate enough to find the same area 
previously examined with the electron-microscope, it can be 
shown that some of the smeared fins of metal have been removed. 


jected to the hydrodynamic forces of the lubricant film. 


It is well known that worn-in bearings have greater load-carrying 


ability than a freshly assembled bearing-shaft set. With ground 
surfaces, it would appear that a reasonably long period of opera- 
tion is necessary to wear in a bearing assembly. 

Lapped shaft surfaces appear to be freer of smeared fins of 
metal, and by observing the dielectric breakdown of the oil film‘ 

* Division Consultant, Battelle Memorial Institute, Columbus, 
Ohio 

+ Reference [2] of authors’ paper. 

‘C. M. Allen, “The Dielectric Strength of Oil Films in Plain Bear- 
ings,’’ Mechanical Wear, American Society for Metals, 1950, pp. 
181-191. 
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it can be seen that lapped surfaces wear in more rapidly than 
smoothly ground surfaces even though the profilometer surface 
roughness is of the same order. The evidence for this is that the 
incidence of asperity contact is observed to be much greater for 
ground surfaces than for lapped surfaces. Lapped and electro- 
polished shaft surfaces have the least incidence of asperity con- 
tact between bearing and shaft, other conditions being equal, than 
do either ground or lapped shaft surfaces. Consequently, there is 
a relatively short period of wearing in and less difference between 
initial and final bearing load capacity. 

Perhaps it will have been noticed that no comments have been 
made concerning the surface of the bearing. Since bearings are 
generally machined by cutting tools, and sometimes even bur- 
nished, it is suspected that a similar type of wearing in behavior 
prevails, but it is considered to be less important because of the 
lower modulus and strength of conventional bearing-material 
surface relative to the shaft. Therefore it does not appear that 
the surface roughness of the bearing should be weighted as heavily 
as the surface roughness of the relatively hard-steel shaft surface 
when considering the resulting nature of the lubricant film on load- 
carrying capacity. 
at Battelle 
.. minimum film thickness directly.’’® 
I would like to say that I doubt we were first and that the method 
referred to is not in the strictest sense direct, but rather the oil- 


The authors comment that we were the “first ex- 


perimenters to... measure . 


film thickness is obtained by indirect means by inference of elec- 
data. 
obtain quantitative data on the minimum oil-film thickness is too 
involved to discuss here 


trical oil-film conductance The actual procedure used to 
The system used was to impress a 
high audiofrequency voltage across the oil film between an elec- 
trode embedded in the shaft and the bearing surface. Data on the 
breakdown potential were obtained and reduced to minimum 
lubricant film thickness by a series of computations. It is be- 
lieved that the method could be made to provide quite accurate 


data for thin hydrodynamic films if a suitable electrode could be 


made. The inherent problem is one of having an electrode stable 
with respect to the shaft surface when exposed to the pressures of 
the oil film. Further, it is believed that once the electrode system 
was accurately calibrated, the entire shaft surface could be used 
as an electrode thus obviating the mechanical nuisance associated 
with the electrode. Of co irse, the conditions of the calibration 


and subsequent experiments must be comparable. 


B. Sternlicht® 


The authors should be complimented for trying to establish 
better understanding of surface finish on journal-bearing per- 
formance. This problem is very complex and deserves considera- 
ble attention. Because of its complexity, there are a number of 
questions which must be considered and which I would like to 


pose to the authors. Among these are: 


1 Can Reynolds equation be used in analysis of bearings where 
film thickness is of 
finish? 

2 As the asperities of the journal move relative to the asperi- 
ties of the bearing at any point within the fluid film, dh/dz varies 
Therefore effects are present; 
quite important in raising load-carrying capacity 


the same order of magnitude as surface 


“squeeze-film”’ may be 


Have the 


these 


authors considered the importance of this effect? 
3 Local temperatures and pressures are very important in 
analysis of thin fluid film for not only will they change the fluid 


5 R. W. Dayton, C. M. Allen, et al., “A Fundamental Study of 
Sleeve Bearing Behavior,"’ Office of Naval Research, Contract N5 
ori-111, Battelle Memorial Institute Report, May 16, 1952. 

®* Consulting Engineer—Hydrodynamics, General Electric Labora- 
tory, Schenectady, N. Y. Assoc. Mem. ASME 


Transactions of the ASME 





viscosity but will also deform the surface. What consideration 
have the authors given to this point? 

4 What order of misalignment will cause a tenfold variation 
in film-capacity number for minimum film-thickness ratio equal to 
1 X 10~*and 1 X 1075? 


A few additional comments may be in order. The authors show 
that clearance ratio does not have great effect on load-carrying 
capacity. Yet, we know that clearance ratio has a large effect on 
horsepower loss which in turn markedly affects the viscosity of 
the fluid in the bearing clearance. We also know that load-carry- 
ing capacity of a bearing is dependent on viscosity of the fluid at 
every point within the convergent film. Thus practice and theory, 
as presented by the authors, does not agree. The disagreement 
stems from the fact that the analysis presented by the authors 
considers isothermal conditions while in practice close to adiabatic 
conditions prevail. High-speed bearings, therefore, have to use 
high clearance ratio while low-speed bearings use low clearance 
ratio for the same imposed load and eccentricity ratio 

Several years back the discusser conducted some experiments 
The 
following observation was made: By rinning-in the bearing, the 
Sommerfeld number could be decreased by 70 per cent before the 


on minimum friction as a function of Sommerfeld number. 


“hook-point”’ of friction curve would change. This observation 
was also made by other investigators and therefore is not new 
However, the importance of this observation was that the surface 
finish of the journal and bearing as measured before and after 
the run-in period did not change. Apparently better conformity 
This 
observation points out that load or film-capacity number can be 
tripled without any 


rather than surface finish resulted after the run-in period 


change in minimum film-thickness ratio 


From this standpoint, Figs. 4 and 6 are very misleading for 
everything is plotted on a log-log scale, but there are 4: 1 variations 
in load-carrying capacity between theory and experiment for the 
same minimum film-thickness ratio 

Another interesting observation may be cited. Large numbers 
of babbitted bearings operated continuously for years without dis- 
Ones 


tress the units were stopped and restarted under much 


lighter load, each of the units failed. Observation of the unfailed 
bearings showed that the babbitt crept in spots conforming to 
the specific load. However, this conformed film shape was not 
capable of supporting other loads. This point is brought out 
to show the complexity in modes of failure and design criteria 
The designer should be cautioned in setting minimum film thick- 
ness as the only criteria in design. Most bearing failures occur 
due to misalignment, deformation, excessive temperature, dirty 
oil, fatigue due todynamic loads, and so on. Thus there remain 
a lot of questions about analysis where film thickness is of the 
same order of magnitude as the surface finish. These remarks 
are not made in order to detract from the valuable contribution 
made by the authors, but merely to caution the designer when he 


sets minimum film thickness as criteria in design. 


Authors’ Closure 


The authors wish to thank Mr. Allen and Mr. Sternlicht for 
their kind interest and for pointing out that there are many sur- 
face characteristics which influence the load capacity of journal 
While it is indeed true that the relationship of surface 
condition to load capacity is complex, it is desirable to sort out 


bearings. 


the many factors in their order of importance. The topography 


of the surface may be of the first order influence on load capacity 
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in many cases where short bearings and perfect alignment are con- 
cerned. 

However, there are other first order factors as the discussers 
point out. Mr. Allen’s comment of the time required to loosen 
and remove the particles smeared on a ground surface is interest- 
ing and may seriously decrease load capacity in the running-in 
period. Mr. Sternlicht refers to surface conformability and mis- 
alignment as important variables. The authors agree that these 
are also first order variables and would wish to refer to an NASA 
paper by F. H. Raven and R. L. Wehe soon to be published, who 
show the effect of shaft bending (and the corresponding mis- 
alignment in support bearings) on load capacity 

Both Mr. Allen and Mr. Sternlicht discuss the advantages of 
running-in a bearing to increase load capacity Mr. Allen’s ob- 
that more rapidly 
ground 


servation lapped surfaces 


may be 
both 


Tarasov 


run-in 


than surfaces when have the same _ profilom- 


that the 
compared to the 


eter roughness is interesting. shows high 


peaks of the surface are rela- 


There- 


fore, it may be expected that the profilometer, which is an aver- 


infrequent 
tively small irregularities of the predominant surface 


aging device, reports the height of the small irregularities rather 


than the high peaks, which have a low statistical influence be- 


suse of their intrequency For the same profilometer reading 
both the ground and lappe d surfaces may have the same small ir- 
regularities, but according to Tarasov’s factors, the high peaks of 
the lapped surface may be twice as high as the ground suriace 
This may in part explain that a lapped surface may be run-in 
more rT ipidly because the higher pe iks are more quit klv worn off 
Mr. Sternlicht cites a case in which the load ¢ pacity of a bear- 
ing was greatly increased by running-in but that the profilometer 
measurement showe d ho change before and after running 
this fact that 
deforms the occasional high peaks and has little influence on the 


Again 


may be explained in part by the running-in 


predominant irregularities reported by the profilometer 
Mr. Sternlicht 


the irregularities are of the same order of height as the film thick 


asks whether Reynolds equation applies when 


ness. This is a difficult question considering the complexity of 
their 
paper, the authors have assumed that Reynolds equation applies 


incorporating the condition of an irregular boundary li 


in the conventional sense at the condition where the high pe aks 


are at initial contact. This seems reasonable considering that 
the peaks are infrequent and from 4'/, to 10 times higher than 
the predominant irregularities thus making the minimum film 
thickness relatively greater than the predominant irregularities. 
This LIs0 applies to squeeze film effect in Mr Ste rnlicht’s second 
question high 
peaks, the squeeze film effect may apply to such a small area as to 


Considering the infrequent occurrence of the 
be negligible However, the squeeze film effect would increase as 
the peaks are worn off and boundary conditions are approached 

Many of Mr. Allen’s and Mr. Sternlicht’s comments probably 
apply to the thinner films attainable after the high peaks have 
been worn off whereas the Burwell, et al., data presented are based 
on new surfaces at initial friction hook point conditions 

It is certainly true as Mr. Sternlicht points out that a film vis- 
cosity variable with temperature will be nearer the actual operat- 
than 


ing condition (including heat transfer assuming constant 


film viscosity (isothermal condition It would be interesting to 
compare the results of a solution based on an adiabatic film with 
those presented in the paper 

The authors feel that the comments of the discussers are par- 
ticularly valuable in furthering the insight into the effects of bear- 


ing surface on bearing performance 
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Statistical Optimization of Regulators 
Employing a Binary Error Criterion 


The problem is considered of minimizing total costs of a regulator subject to both a 


J. H. MILSUM 


Associate Research Officer, 
Simulation Group, National 
Research Council of Canada, 


Ottawa, Ontario, Canada error. 


steady reference input and a statistical load disturbance. 
used which directly relates the error magnitude to the economic penalty entatled by the 
In contrast it is not easy to relate the mean-square error lo economic penalty. 


A binary error criterion is 


Experimental work shows that the amplitude probability density distributions in saturat- 
ing loops are altered sufficiently from the Gaussian that the statistical linearization 
technique does not predict results with satisfactory accuracy in many cases of interest. 
The use of modified distributions alleviates this problem, but analog computer experi- 
ments provide the most satisfactory attack for complicated situations and are easily in- 


strumented. 


Introduction 


= LATOKS must maintain acceptable output qual 


ity with respect to some predetermined constant reference, usu- 
ally in the presence of random disturbances. Any departure of 
product quality from ideal is called the error and generally incurs 
some economic penalty. Almost all process controllers, discrete 
manufacturing processes, and regulators of speed, voltage, tem- 
perature, and so forth, fall into this category. Economic op- 
timization requires minimization of all costs or maximization of 
profit and is generally too complex for complete solution (Fig. 1). 


Contributed by the Instrurnents and Regulators Division and 
presented at the Annual Meeting, November 30—-December 5, 
1958, New York, N. Y., of Tue American Society or MECHANICAL 
.NGINEERS 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, July 
15, 1958. Paper No. 58—A-71. 


Nomenclature 


It is useful therefore to make a partial optimization by minimiz- 
ing the sum of error penalty and of power costs, with the over- 
head charges assumed predetermined. This is an essential stage 
in the complete optimization including overhead costs. 

Historically, attention has concentrated on minimizing the mean- 
square value of the error (MSE), and techniques have been de- 
veloped for linear servomechanisms subject to noisy input sig- 
nals [1].!_ Recent work by Kazakov [2] and Booton [3] ex- 
tended the technique to systems with static nonlinearities 
(SNL An SNL is defined as an element in which output and 
input are not proportional over the whole range, and their rela- 
tionship is independent of frequency. The particular class of 
SNL considered in this paper is the saturation of controller out- 
put. 

The MSE is difficult to relate to the cost penalty of imperfect 
quality, and instead a binary error criterion is considered. This 


1 Numbers in brackets designate References at end of paper. 





Abbreviations 
APD 


dimensionless inverse limited out- 


amplitude probability den- 
sity distribution 
binary error criterion 


put, L 
BEC = 
CHU = 
MAD = 
MSE = 

MV 
PDS 

RMS, rms 

SNL 


Symbols 


c = 


Centigrade heat unit 

mean absolute deviation 

mean-square error , 
; , y/o 

manipulated variable 

power density spectrum 

root mean square 

static nonlinearity 


controlled variable 

specific heat CHU /Ib-deg C 
capacity CHU/deg C 
disturbance input variable 
error variable 

controller transfer function To 


function of 


plant or process transfer function 
integral Parseval’s 


o 


involved in 
formula time; 
gain constant 
equivalent mean gain ble, t = 
equivalent rms gain 
limited output 
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manipulated variable, degrees-of- 
freedom of x*-distribution 
ratio of mean and rms values, M = 


noise variable or input a 
dimensionless MAD manipulated 


variable, V,, = 


probable reject rate, or penalty 


heat flow, CHU/see (Qmuax, Maxi- 0 
mum value) 

reference input variable 

dimensionless reference input, R = 


complex variable 
normalized Gaussian varia- 
X—u 


W = fluid flow rate, lb/sec 
value 

relative cost of rejection and power 

tolerance of “error 
BEC 


dimensionless 


6 


W, average 


channel” in 


error tolerance, 


A= 

n 

average temperature change 

Vin = temperature 

o. mean value of stochastic variable 
MAD of stochastic variable 
dimensionless variable, 7, = 2,L 

fm = MEL = = > 

RMS value of stochastic variable 

= dimensionless RMS value, 2, = — 

o, 

dimensionless time constant 

power density spectrum of sto- 


chastic variable; error function, 


z/2 
x 2 [ 

co = — € 
(5) VT JO 


frequency, radians/sec 


2.dz 


time constant of system 
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Fig. 2. The binary error criterion 
binary error criterion (BEC) either accepts the product with zero 
penalty if the error lies within a predetermined tolerance, or 
rejects the product with constant penalty if the tolerance is ex- 
ceeded [Fig. 2(a)]. The ‘no go’’ gage of quality control is an 
important example 

The probable reject rate P, is defined as the proportion of time 
during which the error exceeds the permitted tolerance, or alter- 
natively the proportion of discrete products which is rejected. If 
the amplitude probability density distribution (APD) of the error 
signal is Gaussian, as usually assumed in linear systems subject 
to random inputs, then the probable reject rate corresponds to the 
two-tail cumulative distribution [Fig. 2(b and c)]. Regulator 
saturation modifies the APD of the signal in the loop, but the 
method of statistical linearization enables the MSE to be pre- 
dicted with sufficient accuracy. This method assumes that linear 
filtering within the loop reshapes the non-Gaussian distribution, 
produced by the nonlinearity, to Gaussian form at the error point 
The Gaussian APD is described uniquely by its first and second 
moments [mean (4) and mean-square (07) values, respectively], 
and the change of these moments across a nonlinearity may be 
calculated easily. The reject rate given by the BEC is deter 
mined by the area under the tails of the APD and is consequently 
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CAPITAL 
cost 


POWER 
cosT 


(OUTPUT) 
ERROR 
PENALTY 


CAPITAL 
cosT 


Cost components in controlled system 


sensitive to higher moments. Hence the assumption of a Gaus- 
sian APD may not be acceptable for calculations in nonlinear 
loops, and unfortunately no analytical method exists for calculat 
ing the higher moments. 

The power input to a system, in many cases, is a controller out- 
put, called here the manipulated variable, MV. The RMS value 
(a) and mean absolute deviation (MAD, v, the mean value of the 
They 
are stably related for a wide range of APD’s, and for the Gaussian 


rectified signal) are two suitable measures of the power 
case, 


v | 2 
= 4 (1 

oN; 
Both may be computed by the method of statistical linearization 

but with unknown accuracy 

This paper investigates the interrelation of the error and M\ 
for varying system parameters in randomly disturbed, saturating 
loops, in order that the partial optimization just discussed may 


} 


ve pe rformed The results of inalog computer investigations 


show that non-Gaussian models of the error APD must be used in 
many cases if statistical linearization is to predict the BEC and 


MV with acceptable accuracy 


Linear Analysis 


\ simple regulatory system consisting of single-lag plant and 
proportional controller with saturation limits is analyzed, and 
comparison is made with experimental results. The experimente 
cover much more general situations, however 

A simple but general model of random disturbances is obtained 
if both the APD and power-density spectrum (PDS) are Gaus- 
sian. The Gaussian model is characterized by two parameters, 
the mean M and dispersion (o, standard deviation) but for the 
PDS, uw = 
parameter 


0, and the dispersion time (7',) [4, 5] is the only 
In contrast, the conventional q iadratic spectrum 


has two parameters (w, and ¢) 
In the experimental work [5] the Gaussian PDS was closely 
‘white 


approximated by a four-equal-lag filter operating on 


noise, and the lag time-constant 7’, is therefore employed, in- 
stead of io for the appropriate closed-loop mean-square calcula- 


tions 


Note, however, that 7’, = 27’, in this case [5]. 

In the simplest application where the mean value of the 
reference and disturbance signals is zero and the system is linear, 
the MSE and mean-square MV can be obtained by use of Parse 


val’s theorem, 
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where 
og,” = MSE 
(jw) = PDS of error 
®,(jw) = PDS of disturbance 
H (jw) = closed-loop transfer function relating error to dis- 
turbance 


and similarly for ¢,? and g,,?. 
The computation is simplified by use of special tables of inte- 
grals [6] and in this case is obtained 


®, ("| 1 P 
‘ - (1 + joT’,)*| 


_ , 4 
2m J—o (1 + jwT7’,){1 + jwT7’,:7;) 


5@ q(T;) 
327’, -k,? 


0,,7 = (k,o,)* 
5D, ke,’ 
327, \k,) 47” 


q(7,) is a rational function of 7, 
®), = magnitude of white PDS 


where 


k, = controller gain (therefore also loop gain) 
kj =1+k, 


Ty 


The more convenient nondimensional representation becomes 


Vv a T)) 


k, 


(6) 


(7) 


and the familiar results are plotted in Fig. 3, for varying con- 
troller gain k, and plant “speed’’ 7, showing the inevitable com- 
promise requirement between error and power. 
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Fig. 3 RMS error and MV—single-lag plant 
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Fig. 4 Binary error criterion—single-lag plant 


with the 
dimensionless tolerance A = 6/¢,, and rT, as parameters. The 


The corr sponding BEC curves are shown in Fig. 4, 
curves for the reject rate proportion Px, are similar in shape but 
not identical with the 2, curves. 

The error curves are quite different for the more usual regulator 
case of nonzero reference input (and perhaps also nonzero-mean 
disturbance). 
steady errors by 


However, the system can be compensated for such 
“oversetting’’ of the input or by including integral 
action in the controller so that the curves reproduced above are in 
On the other hand, the mean value of the MV 
contributes directly to the power requirements, and the appro- 
priate total RMS (2,,,) and MAD (N,,) values of the MV may be 


calculated [5], as a function of 


fact applicable. 


a new dimensionless reference- 
. 

input parameter, R = 
CG. 


Analysis With Saturating Regulator-Statistical Linearization 


Practical regulators may saturate in the manipulated variable 
or any of its derivatives, and often the remaining loop components 
may be considered linear. Even this simplified situation is not 
amenable to closed-loop computation unless only the MV itself 
saturates rather than its derivatives. Sharp saturation is there- 
for added to the simple gain controller of the section Linear 
Analysis [Fig. 5(a)}; however, for convenience in later calcula- 


tions the limiter is considered comprised of a linear gain, k,, and 


es 
a limiter with unit gain in the linear region [Fig. 5(6)]. 
Statistical linearization [2, 3, 5) is an approximation which 
conceptually replaces a static nonlinearity by a linear component 
This linear component is defined by an equivalent mean gain, k,, 
and equivalent rms gain, kz; which gains are computed as the 
ratios of the first and second moments (mean and mean-square 
values) of the output APD in relation to the first and second 
Booton [3] 


defines k, differently by using that equivalent rms gain which 


moments of the input APD, respectively, [Fig. 5(c)]. 


results in least mean-square error of approximation, and the 
significance of the difference is examined in references [2 and 5}. 
In all these computations the error signa] is assumed to have a 
Gaussian APD. 

The mutual interdependence, via the closed loop, of the input 
and output of the nonlinearity precludes direct closed-loop com- 
putations in many cases of interest; instead trial-and-error or in- 
direct calculations must be made. However, the simple relay 
[Fig. 5(d)] does permit direct computation in some simple closed- 
loop configurations, having one less parameter than the limiter. 
This is a special case of great interest since relays are widely used 
in practice, and since limiters approximate increasingly to the 
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Fig. 5 Statistical linearization of limiter 


relay with increasing linear gain. As an example, Fig. 6 shows 
the various equivalent gains for the relay against appropriate 
dimensionless parameters. The equivalent gains all decrease to 
zero as the mean:dispersion ratio (M,) of the input increases 
Note that the predicted rms output approaches only oo// = 0.8 
for the Booton prediction kz“ whereas the physically re- 
quired value of unity is produced by the second moment ap 
proximation kg“. 

As already noted, the input to the nonlinearity has been as- 
sumed to have a Gaussian APD in previous work and also in 
Fig. 6. Filtering within the linear remainder of the loop has 
been assumed to produce this result, and experimental work has 
shown that the mean and rms error signals may be predicted with 
satisfactory accuracy by this assumption. However, no measure- 
ments of the APD at the input and output of the nonlinearity 
have been reported, since they were not necessary for these pre- 
dictions of mean-square error. There is no difficulty in extending 
the statistical linearization concept to non-Gaussian distribu- 
tions should this be found necessary (provided only that the new 
distributions be known 


The predicted curves of dimensionless rms error 2, = 


and BEC error, probable reject rate Pz, against linear gain of 
the controller k, are compared in Fig. 7 with the results of an 
analog computer investigation, both for the first-order system 
with sharp saturation in the controller. Similarly the results for 
the dimensionless rms and MAD manipulated variables are shown 
in Fig. 8. The presentation is limited here to the simplest case 
(i.e., zero-mean) in order that the principles may be illustrated 
within present space limitations. The extension to nonzero 
means is of course necessary for realistic appraisal of the regula- 
tor problem and is reported in reference [5}. 

Fig. 7(a) confirms that the two prediction methods bracket the 
test results, with better prediction by use of k, in the heavily 
saturated region (L l/o, > 1). For L < 1/2, saturation 
effects are negligible, and linear prediction is possible as con 
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Fig. 6 Equivalent gains for relay 
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Fig. 7 BEC and MSE for limiter in loop 


sidered in reference [6 Examination of Fig. 7(b) for the BEC, 
however, reveals that no satisfactory agreement exists between 
the experimental values and those predicted by statistical linear 


ization. Note that the natural dimensionless parameter for the 


BEC is A 


and an arbitrary, but realistic value of 0.2 has 
on 


been chosen, It is interesting that the re ject rates depen less on 
loop gain than predicted by linearization, and that, in fact, the de- 
pendency is very similar to that of the rms error 

Fig. 8 shows the similar plots for the manipulated variable 
(both rms and MAD) and again there is consistent disagreement 
For significant values of L and k, the predicted values are high, 
but prediction improves as k, is decreased 
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Fig. 10 Two-tail cumulative distribution of MV, for varying L 


Experimental Study Modification of Statistical Linearization 


The results discussed indicate that the relevant probability 
distributions in the saturating loop should be investigated, since 
the assumption of Gaussian APD in the error yields unsatisfac- 
tory predictions. Such investigations were made on a high-speed 
analog computer using simply constructed, special, equipment, 
and are reported in detail in reference [5]. In particular the two- 
tail cumulative probability distributions for the case mentioned 
for varying Z are reproduced in Figs. 9 and 10 for the error and 
manipulated variable, respectively. The Gaussian curves are 
superimposed as a datum and show that the error and MV dis- 
tributions are affected by saturation in significant degree and in 
mutually inverse manner. The error distribution undergoes two 
basic effects, 


(i) the “two-tail’’ slope becomes larger than Gaussian (and 
hence also the APD) in the region of small amplitude with increas- 
ing L 

(ii) the probability of exceeding a given amplitude, P,, be- 
comes larger than Gaussian in the large amplitude region. 


In particular for Z 2 1 there is about 0.1 probability of exceeding 


a dimensionless amplitude of A, = 3 whereas the equivalent 
o, 
Gaussian probability is almost zero. Between these extreme 
amplitudes the curves of varying LZ intermingle in complicated 


fashion. 


258 / suNe 


1959 


The mutually inverse effects on the MV distribution involve 


(i) the slopes of the two-tail distribution always being less than 
Gaussian. 

(ii) large pulses on the APD corresponding to frequent oc- 
currence of the saturated value. 


The error distribution curves generally resemble the chi-square 
(x?) distributions for small degrees of freedom, when modified to 
a back-to-back form. Unfortunately the complex configuration 
changes with varying Z preclude any direct, inclusive analytic 
treatment. However, since the substantially saturating distribu- 
tions differ from the Gaussian in a generally similar manner, an 
averaged, empirical distribution (and corresponding to the x?- 
curve for 1 degree of freedom (m = 1) with a modified rms value) 
was used in the hope of improving accuracy of prediction. This 
distribution, and the relevant scatter plot, is shown in Fig. 11(a 
and the improved predictions in Fig. 11(b). Since the empirical 
model of error APD was obtained for a single-lag plant having 
little filtering action, one cannot immediately assume universal 
applicability of the result. The greater filtering of more complex 
plants does indeed tend to bring the error distributions back 
toward the Gaussian, but the characteristic long “tails’’ are re- 
tained. Thus prediction of reject rate can always be improved 
by judicious combination of the results for the Gaussian and 
empirical models. 

In order to predict the manipulated variable, the statistical 
linearization method was modified by computing power transfer 
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across the nonlinearity with the new error APD; actually the 
exact x*-distribution for m = 1 was used for ease of calculation 
In this manner new equivalent gains were computed [5]. The 
improved predictive accuracy is illustrated in Fig. 12 for both 
rms and MAD values. Prediction is acceptable for large k,, but 
the values become increasingly low with respect to the experi- 
mental values as gain is decreased (and therefore as filtering is 
increased ) since the error APD increasingly approaches Gaussian. 
(gain the results from Gaussian and x*-analyses bracket the ac- 
tual results. 

Experiments were made on the more usual regulator configura- 
tion with constant reference level. Since less manipulated varia- 
ble is thereby available in one direction to nullify the random 
disturbance effects, asymmetric signal distributions may be ex- 
pected within the loop. However, knowledge of the two-tail dis 
tribution sufficed for the present study. Since the usual regula- 
tor tolerates little error, and probably operates with a large R: L 
ratio, tests were confined to L = '/; and 1 over a wider FR rang: 
The general results are similar to those for symmetric saturation 
which is understandable since the principal effects of increasing 
L and R are the same, namely, more saturation. For moderately 
low reject rates (Pp < 0.4) an effective saturation / 
fined for combined L and R effects as 


L' = 


may be de- 


Al + kR) 
whe re h l 


For large R:L ratios the two-tail distributions eventually 
change to forms quite unlike the averaged model, and further 
investigations would be needed In particular, the unrectified 


distributions would need to be measured 


Thermal Example 


The process considered is essentially a water-heater which 
supplies hot water to many different chemical processes at a 
randomly 
tributed 


varying rate which may be assumed Gaussian-dis 
Outlet water temperature characterizes the product 
quality, which is subject to a BEC, since both boiling water (100 
C) and water below 70 C fail to perform the required duty and 
entail product rejection. The heating rate is error actuated by a 
proportional-and-saturating controller, and input water tempera- 
tureis10C. A fast level control is assumed to maintain constant 
volume in the heater . 

Assuming ideal mixing, good insulation, and a negligible work 


term, conservation of energy yields 


d6 c . 
+ Wt °Cs (@. — @ 
it 
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Fig.12 Prediction of manipulated variable, using 


x*-distribution of error 


Col troller eq iAtion 18 


Q,, k(6, 6.) in linear range 
Gas wh upper bound 
0 at lower bound 


where the 


nomenclature and assumed 
0, MV heat flow, CHU /sec 


Q 15000 CHI 


water temperature in heater, di 


sec 

, r 
inlet water temperature 10 ¢ 
reference temperature = RH 
thermal capacity of tank LOOO ¢ 


1 CHU/\|b 


controller gain, CHU /sec 


specific heat = deg ( 


Wit variable flow rate, lb /se« 
rhe primitive block diagram of Fig. 13(a 


hoop 


itllustmates this closed 


The time varying nature of W(1 the 


renders 
sis of this paper inapplicable, but matters " " 


initially analy 


simplified by 


ssuming, with little inaccuracy 


4 


100 


Gaussian-APD variable 
ind PDS time e« 


with 
lb /sec 
sec 

Ad 


mean value of (¢, — 6 


Thus the modified block diagram of Fig. 13(6) is obtained; 


for direct appli ation of the present analysis, 


however, it is con 


venient to work with signals of as in Fig 


dimension 
the layout 
In fact 


ontroller symmetric 


the same 


13(¢ Except for controller asymmetry is identical 


vith that assumed in the main discussion, small error is 


involved in considering the « the tests 


il since 


259 


JUNE 1959 





ym MW <p (Q-%) 








(o) PRIMITIVE FORM 











2. oe - 
We 


Fig. 13 Thermal example 


described heretofore showed that negative outputs are seldom 
called for in the regulator situation. 


The following equivalences with earlier nomenclature now 
apply: 


6; ) 75 C 
W, = 0.75W; °C 


= 0.01 Q,, °C 


10 secs 


= 0.01Lk 


“Cc 
v 


oe = 150C 

Cy 

100 — 85 C = 
Ao | 
Wc, 


15 C 


Owl * 75 ¢ 


Assuming that the heating cost is 0.2 dollar per 10‘ CHU then 
the power cost (Fig. 1) is [5]; 


0.3 NL $/sec 


Vin 
qm) = 0.3 1 = 


(13) 
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Fig. 14 Operating costs for thermal example 


For generality of analysis it is desirable to study the combined 
error and power costs for different ratios of rejection penalty and 
power cost. 
Therefore we define: 
cost of rejection/sec cost of rejection/sec 


= > 


cost of Qmax power/sec 0.3 


ale g(Pp) = 0.3-y-Pp. (15) 

The combined cost of Equations (13) and (15) is plotted in Fig 
14(a) for several values of yy, using the experimental results re- 
ported earlier. Note that by Equation (8) the equivalent L’ = 
(1 + R)L = 1. A minimum cost for small finite k occurs only 
when the penalty for rejected product is small (y < '/2). For 
larger, and more realistic y-values the combined costs decrease 
slowly with increasing gain, so that a relay control would be 
cheapest in all respects 

It is desirable to consider changes in heater size (Qmax 
Here only the effect of doubling Qusx (to 30,000 CHU/sec 
be examined. 


also. 
will 


This change alters the saturation level so that L = '/,, and 
as shown in the section Experimental Study Modification of 
Statistical Linearization a linear analysis is now a valid ap- 
proximation since L’ = '/, The results are shown in Fig. 
14(b), and are generally similar to the first case except that all 
‘y-curves approach a unique curve above k = 10, because Pp — 0. 
Thereafter the slowly increasing combined costs have a limiting 
value 0.17, Thus for large y a larger heater should be considered, 
and the next stage of cost analysis performed, i.e., including con- 
troller cost q.(g, 1), (see Fig. 1). In this example the boiler 
cost q:(h) has been considered fixed, but the analysis can be ex- 
tended, of course, to optimize with this additional variable 
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Conclusions 


A wide range of test results confirms that statistical lineariza- 
tion predicts the system rms error with acceptable accuracy 
As suggested by Kazakov the average of the two available 
methods provides best prediction. On the other hand, the BEC 
reject rate is not accurately predictable from these rms error cal- 
culations with the assumption of a Gaussian error-APD. The 
two-tail rectified error distributions, measured over wide ranges 
of saturation level, reference and disturbance levels, and plant 
complexity, differ from the Gaussian, particularly in having 
greater probability in the tails, thus directly affecting the pre- 
diction of the BEC. An empirical, averaged error distribution 
corresponding to a quasi-x? distribution predicts the reject rate 
with reasonable accuracy, unless there is very considerable filter- 
ing in the loop, in which case the empirical and Gaussian models 
provide upper and lower bounds for prediction. Similarly the 
MV is not predicted satisfactorily with the Gaussian error model 
if substantial saturation exists. A modified power transfer 
calculation (statistical linearization) across the nonlinearity, with 
. x?-error model, improves the predictive accuracy, but any one 
model is limited as to range of improvement. Unfortunately, no 
obvious way exists of relating analytically the changes in the 
distribution to the causal parameter changes. 

For regulators operating with reference inputs of ordinary value 
these conclusions are also valid. 

These empirical distribution models do improve prediction, 
but for any specific problem in which an accurate economic 
minimum is desired between error penalties and power costs, an 
analog computer study should be performed. It is one purpose 
of this paper to show that such studies are relatively easy and 
cheap to instrument and carry out. 
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and Representation of 
Professional Group on Circuit 


Error Cri- 


T. P. Goodman? 


One interesting feature of the author’s work is his use of an 
electronic with an 


The use of 


combination 
analog computer to perform statistical experiments. 


random-noise generator in 
? Mechanical Systems Department, General Engineering Labora- 
tory, General Electric Co., Schenectady, N. Y. Assoc. Mem. ASME. 
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electronically-generated random voltages for purposes of illustra- 
tive display on an oscilloscope has been well known for some 
years; a decade ago, J. C. R. Licklider and FE. Dzendolet pointed 
out the potentialities of such a display :* 

a million—parade themselves before 
one’s eyes in a single second. 


‘A thousand cases—or 
In 10 seconds one is almost willing 
to say that he has seen an infinite population. 
population is normal. 


Moreover, the 
Its standard deviation can be varied by 
turning a knob. 
or 20, or 200.”" 


From the use of random-voltage signals merely to illustrate 


Random samples can be drawn at will: 2 cases, 


results which have been obtained analytically the author has 
taken a major step forward to the use of random-voltage signals 
to obtain experimentally statistical results which cannot readily 
be obtained analytically. 

In the writer’s view, this procedure represents an important 
computational method which is comparable to the ‘Monte 
Carlo” method‘ in which statistical calculations are performed 
on a digital computer by using sequences of random numbers as 
input data. 

It would be of interest to have the author's comments on how 
his analog-computer method compares with the digital Monte 
Carlo method for the types of problems which he has considered 


H. M. Paynter® 


The author has in this notable paper, and in his associated ex- 
haustive research work, manifested an interesting and fruitful 
point of view with respect to the role of analog models in theoreti- 
cal investigations; namely, that they serve as worthy experimen- 
tal media, since any useful or practical theory dealing with the 
real world must, “‘in passing,” 80 to speak, also adequately de- 
scribe the observed behavior of computing systems 

The author also has put in proper context the function of any 
The 


has more practical sig- 


given optimalizing criterion in system design and operation 
“accept-reject”’ alternative frequently 
nificance than “minimum squared error’’ or other more conven- 
tional measures. Perhaps it is also worth while to point out that 
in any given analog study of a proposed configuration, the com- 
plete economic balances displayed in Fig. 1 of the paper can all 
actually be directly computed continuously and optimized ad hoc 
Such studies are breathtakingly “‘short and sweet’’ on presently 
available commercial machines. 


Author's Closure 


In the Monte Carlo method the sequence of random numbers 
fed into a digital computer is indeed the sampled-data equivalent 
of the random continuous voltage used in the analog computer 
simulation. Each simulation has advantages for different physi- 
cal situations 

In most engineering systems the signals are continuous (al- 
though in the microscopic limit they may be considered com- 
prised of discrete steps). Hence it is natural to use continuous 
signals in their simulation, especially since the time scale may be 


his 


is particularly true of control systems, even including those of the 


speeded up dramatically, as mentioned by both discussers 


sampled-data type.* A technically trivial, but commercially 
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Failures 
in given 
hour 


Fig. 15 Machine tool failure rates 


important corollary is that large systems subject to random cli- 
matic variables with huge destructive potential, such as flooding, 
freezing, and earthquaking, may quickly be studied over long 
periods of real time to obtain extreme value probabilities. Par- 
enthetically, this latter task is often hampered, however, by an 
inadequate knowledge of the environment’s statistics 

Discrete steps characterize other physical systems, such as 
batch production, machine tool failure, random walks, and inven- 
tory control. The latter typifies the high accuracy requirement 
of some of such systems, which make the discrete counting action 
of digital computers more suitable. Machine tool failure illus- 
trates another situation in which mean failure rate (for example, 
1 failure per 10 hours, from among 100 machines) is very low com 
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pared with the discrete step represented by one failure, Fig. 
15(a). In such cases a continuous waveform would be a very 
unsatisfactory simulation. This remains true as long as the hour- 
by-hour performance is of interest, which is the case in determin- 
ing allotment of maintenance staff, for example.‘ If, however, 
the failure rate per week, month, or year (time scale compression 
of order 10? or 10°) contained sufficient information, then the re- 
vised failure rate curve, Fig. 15(b), could perhaps be simulated 
satisfactorily by a continuous waveform. The relevant parame- 
ter, ratio of standard deviation and mean, has been reduced by 
this time scale compression and consequent loss of information. 
Again the challenging possibilities of sample-and-hold techniques 
on the analog computer® should be mentioned as an alternative 
method. 

In answer to Dr. Goodman’s last question, the author considers 
that the digital Monte Carlo method would be very wasteful for 
the reported experiments. The noise used in the experimental 
work was roughly flat out to 100 eps, and since there was still 
significant energy content beyond 100 eps, the minimum sampling 
rate for real time operation would be 1000 samples per second 
Assuming 100 computing steps per sample, then a digital com- 
puter with operating time of 10 u sec per step would be needed. 
With currently available computers, this implies an IBM 704 or 
UNIVAC class machine at a cost above one million dollars to 
operate in the same time scale as that of the approximately $1000 
worth of analog equipment used 

The author concurs with Professor Paynter’s concluding re- 
marks about continuously optimizing control and is in fact in- 
tending to publish further work on this subject in the near future 

Both discussers are thanked for 


their interest and kind re- 


marks 
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An Introduction to the Time- 
Modulated Acceleration Switching 


STEPHEN A. MURTAUGH, JR. 


Research Mechanical Engineer, Systems 
Synthesis Department, Cornell Aeronautical 
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Inc., East Aurora, N. Y. 


Electrohydraulic Servomechanism 


A discussion of a new concept in electrohydraulic control is presented in this paper 
The usual hydraulic servomechanism design uses a d-c amplifier and a flow-control 
servo valve to obtain hydraulic flow proportional to the position or velocity error of the 
load. In the acceleration switching servo these components are replaced by an ele 


tronic multivibrator and an especially designed electrohydraulic-servo valve called an 


acceleration switching valve. 


System control is obtained through modulation of the 


multivibrator square-wave dwell time by which the driven-load acceleration is regulated 
The servo valve behaves as a pure integrator throughout most of its operating frequency 


range. 


Use of this technique has resulted in increased reliability, excellent servo valve 


resolution, negligible center-shift due to temperature extremes, and near infinite pressure- 


gain characteristics. 


A NEW concept in the field of electrohydraulic 
servomechanisms, the acceleration switching technique represents 
a different approach to the design of electrohydraulic closed-loop 
control systems. The benefits a system designer may expect 
from using an acceleration switching servo are such as to improve 
materially both system performance and reliability, especially 
when the control is required to respond to small input signals 
and/or to operate in an environment of temperature extremes or 
contaminated fluids 

lectrohydraulic servos are commonly used to position the con- 
trol surfaces of modern military aircraft and missiles where the 
requirement exists 


for exacting performance at high 


The degree of success with which electrohydraulic servo- 


power 
levels, 
mechanisms have been utilized in these and in other applications 
is often limited by several factors with which the servo valve is 
directly concerned. Servo-valve resolution or threshold can 
limit the ability of the system to respond to minute signa] inputs 
Extreme precautions must be taken to insure that the system 
hydraulic fluid is free of contamination, otherwise servo-valve 


reliability would be jeopardized. In order to obtain zero steady- 


Contributed by the Instruments and Regulators Division and 
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Nomenclature 


August 


state error under load it is necessary to add integral contro! which 
complicates the loop dynamics. Finally, operation at elevated 
temperatures is aggravated by the drift tendency, or center 
shift, of the servo valve. The acceleration switching servo has 
proved to reduce the foregoing effects materially, resulting in 
dependable, trouble-free, control 
capable of providing system response and stability previously 


unobtainable. 


electrohydraulic systems 


It is the purpose of this paper to develop and explain some of 
the important characteristics of the acceleration switching servo, 
reviewing some of the previously published reports on the subject 
to provide an understanding of the fundamental factors governing 
the use and operation of the acceleration switching technique 


Acceleration Switching Servo 


The idea of acceleration swit« hing (also known as pulse length 


modulation) originated several years ago at the Applied Physics 
Laboratory of Johns Hopkins University [1].' The acceleration 
switching concept essentially is a method of controlling the time- 
rate-of-change of flow to an output member in a manner such 
that a desired position or velocity of the driven load is obtained 
This control is a result of the valve-spool velocity rather than spool 
Load control is 


position being made the contro! parameter 


achieved by using an especially designed two-stage, four-way, 


servo valve, called an acceleration switching (AS) valve, to drive a 


Numbers in brackets designate Referen 





output member (actuator) piston 
area, sq in. 

spool end area, sq in 

static gain of valve-actuator com- 
bination, in /sec*—unbalance 

switching frequency, cycles per 

second cps) 

valve 


acceleration switching 


gain, 


dwell 


static in?/sec inbal- 


ance dwell 
valve driver gain, unbalance /voit 
member 


sensitivity of output 


transducer, volts/in 
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total pressure drop across spool peak-to-peak 
orifice, psi 

pressure drop across spool, psi 

valve useful oil flow, in*/sec 

spool-orifice flow gain, in*/sec-in. 

Laplace operator 

time unbalance 

time of positive polarity 

square wave, sec 

time of negative polarity 
square wave, sec 

bushing slot width, in 


valve-spool displacement, in 


} ~— | valve-spoo!l 
placement, in 

valve-spool velocity, ips 

maximum valve-spool velocit 
ips 

transformed error signal, volts 

output member displacement 
volts 

open-loop gain from valve input 
signal to actuator-displacement 
voltage 

reference input signal, volts 

modified feedback signal, volts 


time constant, sec 
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conventional design hydraulic actuator in a closed-loop system, 
Fig. 1. The AS valve transfer function is essentially that of an 
integration or, in operational notation, K/s. Dynamic per- 
formance of the AS valve-actuator combination thus becomes 
equivalent to a double integration, or C/s?. This means that the 
output member (actuator) accelerates the load to the position 
called for by the system input. Performance benefits realized 
from this technique include essentially zero center shift while 
operating through temperature extremes, steady-state error due 
to load forces is virtually eliminated, resolution is enhanced, and 
reliability (especially in the presence of contaminated fluid) is 
considerably improved. The AS servo valve is driven by a con- 
stant-amplitude, fixed-frequency square wave which is generated 
in the valve-driver amplifier, Fig. 2. Usually this amplifier con- 
sists of two stages; namely, a summing stage to compare the in- 
put and feedback signals and to amplify the difference (or error), 
plus a free-running multivibrator which provides a specific 
switching frequency and drives the valve coils. When an input 
signal is applied to the system, an unbalanced voltage is produced 
on the multivibrator-tube grids. This unbalance causes the dwell 
time of the square wave of one polarity to increase and the 
dwell time of the other polarity to decrease, while the switching 
frequency remains essentially constant, Fig. 3. As a result of 
this differential modulation of the square-wave dwell time the 
multivibrator output has an average or d-c value which is propor- 
tional to the error voltage. Variation of the error results in a 
corresponding change in the multivibrator output average value. 
The valve driver gain is expressed as time-unbalance per volt 
input. The valve signal is thus a time-unbalance proportional 
to error voltage, rather than a current magnitude which varies 
with error voltage. 

The time-unbalance input to the AS valve produces a time 


rate of change of flow to the load actuator, causing a load accelera-* 
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Fig. 3 Modulation of switching-frequency, square-wave dwell time 


tion proportional to the time unbalance. By controlling the 

output acceleration, the effects of steady-state loading errors are 

reduced substantially. It is this acceleration control by a switch- 
” 


ing input from which the name “acceleration switching servo”’ is 
derived. 


AS Valve Operation 


The acceleration switching servo valve, Fig. 4, is controlled by a 
time-modulated square-wave signal generated in the valve driver. 
In turn, the valve meters the flow of high-pressure hydraulic 
fluid to the actuating cylinder which drives the load. The square- 
wave valve input drives the torque-motor flapper hard over 
against the nozzles, alternately sealing each nozzle at the switch- 
ing frequency. The spool is free to move in the bushing, as there 
are no restraining springs at the ends of the spool. During the 
time the flapper is sealing one nozzle, the constant flow through 
the opposite inlet orifice is directed to the corresponding end of the 
valve spool, causing the spool to move at essentially constant 
velocity. When the polarity of the square wave reverses, the 
flapper moves rapidly across the nozzle gap to seal the opposite 
nozzle, causing the spool to reverse quickly its direction of motion. 
By using identical inlet orifices, the spool velocity is maintained 
equal in both directions. The matching of inlet orifices is con- 
siderably more critical in the AS valve than in a proportional 
flow-control Inlet matched within 
+0.1 per cent, to obtain equal spool velocity in both directions, 


servo valve orifices are 
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Fig. 2 Schematic of acceleration-switching servo multivibrator and driver amplifier 
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Transactions of the ASME 





while flow control-valve inlet orifices are not matched closer than 
+2 per cent. 

The spool activity occurs at the repetition rate of the square 
wave and results in a small-amplitude shuttling motion of the 
spool about a nominal zero position. With a balanced or zero 
input, therefore, the average spool velocity is zero. The ampli- 
tude of the peak-to-peak spool displacement at the switching 
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Fig. 4 Schematic diagram of an acceleration-switching servo valve 
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frequency is but a traction of the total allowable spool travel and 
is dependent on the spool diameter, inlet-orifice pressure drop, and 
the switching frequency. 

With an unbalanced input signal, the flapper dwells at one 
nozzle for a longer interval than at the other nozzle during each 
switching cycle. This directs more flow through one inlet orifice 
than through the other so that a spool average velocity results 
{ 100 per cent unbalance, or saturation signal, causes the flapper 
to continually seal one nozzle only, inducing the spool to move at 
maximum velocity in one direction. An integration is achieved 
in this operation for the spool displacement is a function of the 
time integral of the error signal. Considering that the spool 
moves at constant velocity when one nozzle is sealed, and assum- 
ing a rectangular spool port opening, a constant rate of change of 
useful flow is produced by the valve. This flow rate working into 
a constant area actuator produces a constant acceleration of the 
actuator piston. The spool position at any time determines the 
flow to the actuator which gives the actuator an instantaneous 
velocity which, when integrated, gives piston or load displace- 
ment. The idealized transfer function of an AS valve is defined as 
being that of a pure integrator K/s where 1/s indicates in opera- 
tional notation the integration in the valve and K is the valve 
static gain. Valve gain is defined as the rate of change of 
valve useful flow (acceleration of the load actuator) per unit time 
unbalance of the valve square-wave switching signal, (in*/sec*) 
time unbalance). The amplitude of this transfer function attenu- 
ates at 20 db per decade and the phase angle remains at 90-deg 


lag for input frequencies above a minimum value. Fig. 5 shows 
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Fig. 5 Frequency response for an acceleration-switching servo valve compared with an ideal integrator K/s 
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Open-loop frequency response for a typical acceleration-switching servo 
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the valve frequency response as determined by measuring spool 
position and valve-input signal for a range of input frequencies. 
The actual transfer function departs from this ideal form as 
wili be discussed later. Fig. 6 shows the open-loop frequency 
response of a typical AS servo. 


AS Valve Performance 


The performance characteristics obtained from a properly 
designed and assembled AS valve include the following: 


1 AS valve gain is essentially constant for valve inputs vary- 
ing from 0 to +100 per cent time unbalance. A spool bushing 
null cut to the axis (having zero overlap and underlap) is required 
in order to obtain a constant valve gain for ali input-signal am- 
plitudes. 

2 The amplitude ratio and phase lag of the AS valve are very 
nearly those of a pure integrator; i.e., 20 db-per-decade attenua- 
tion, and constant 90-deg phase lag. 

3 The AS valve exhibits negligible center shift when operated 
at elevated temperatures. This means the valve maintains its 
balance and the actuator does not shift its zero operating point as 
temperature is cycled (providing the valve driver remains bal- 
anced), Center-shift measurements made on production valves 
show less than 1 per cent time unbalance (center shift) as tem- 
perature is cycled from 80 to 400 F, while the valves operate in 
The effect of 
temperature on AS valve gain appears to be rather small, typical 


& position servo with 3000-psi system pressure. 
valves having had less than +4 per cent gain change over a 
fluid temperature range of 100 to 500 F. Conventional servo 
valves exhibit center shift and gain variation on the order of 15 
per cent or more over this same temperature range. 

4 System pressure variations do not cause center shift of the 
AS valve, thus insuring that the load will not move due to system 
or back-pressure variations. Typical center shifts measured 
amount to less than 0.5 per cent for a 3000-psi valve when valve 
pressure drop is changed from 2000 to 3500 psi. 

5 Infinite pressure-gain characteristics (load pressure versus 
reflect the ability of the AS valve virtually to 
eliminate steady-state errors due to varying actuator loading 


time unbalance 


Tests made on systems using production valves indicate the servo 
will withstand load pressures up to the equivalent of more than 
90 per cent of system pressure without causing a measurable 
steady-state position error. This of course is dependent on the 
resolution of the entire servo system. AS valve pressure gain is 
at least an order of magnitude greater than that achieved by con- 
ventional servo valves 

6 Excellent resolution is obtained due to the continuous spool 
motion, which practically eliminates spool stiction. The spool is 
not required to assume a given position to obtain a desired load 
position or velocity. System resolution is dependent primarily 
on the feedback element. Measurements taken on systems using 
production valves show the AS servo will faithfully reproduce 
system sinusoidal inputs corresponding to less than 0.01 per cent 
time unbalance. Hysteresis and dead-zone effects are practically 
nonexistent. The spool-switching activity eliminates any dead 
zone of operation due to either spool null overlap or hydraulic- 
amplifier hysteresis 

7 Increased reliability is realized because driving forces con- 
siderably greater than those used in conventional servo valves 
are used to drive the flapper and are available to drive the spool. 
The torque-motor design is simplified since linear displacement of 
Thus a smaller 
This in- 


creased force output of the torque motor reduces the possibility 


the flapper versus input current is not required. 
torque motor with a larger force output can be used. 


of foreign materials accumulating and/or obstructing the motion 
of the moving parts, thereby minimizing the effect of contaminated 
fluids on valve operation and hence increasing system reliability 
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Several models of the AS valve have been in use for more than a 
year. During this time no silting or sludge problems have been 
experienced. No valve deterioration or increase in leakage has 
been measured, despite continuous testing of the valves. In 
addition, the large forces available to drive the spool and flapper 
cause them to be relatively insensitive to maneuvering accelera- 
tions. 

8 AS valve gain is theoretically 1.4 times as sensitive to input 
This 


is because the AS valve gain varies directly with valve pressure 


and drain-pressure variations as is flow-control valve gain. 


drop whereas flow-control valve gain changes directly with the 
The AS valve gain is the 
product of spool maximum velocity and spool orifice flow gain. 


square root of valve pressure drop. 


Both of these quantities vary in direct proportion to the square 
root of the valve pressure drop. Therefore the AS valve gain is 
more sensitive to both system and return pressure variations than 
is a conventional servo valve gain. Actual measurements made 
show that the valve gain does not actually decrease in direct 
proportion to the change in valve pressure drop. Valve gain was 
measured on a 2.0 cu in. per sec rated flow AS valve at 3000 psi 
and then at 1500-psi valve pressure drop. The gain actually 
decreased 44 per cent instead of 50 per cent. This gain-change 


discrepancy is attributed to flow force effects on the spool. 


AS servo-valve performance cannot be specified by the same 
characteristics as those used to specify proportional-flow control 
valves. Since both the flapper and the spool are in continuous 
motion at the switching frequency (even with a zero input signal 
to the system) and because the valve-input signal is a time- 
modulated square wave, the majority of the performance criteria 
In addition, these 
dynamic tests are most conveniently made with the valve operat- 


must be based on dynamic considerations. 


ing in a closed-loop servo 


AS Valve Characteristics 


Switching Frequency. The switching frequency chosen for the 


system is important for several reasons. The higher the repeti- 
tion rate used, the lower will be the valve leakage, for the spool is 
The 
higher the repetition rate chosen, the less will be the effect on the 


switching even when zero input is applied to the valve 


output member, for as the spool] moves in response to the torque- 
motor switching, it in turn causes the output member to have a 
small-amplitude switching motion. This noise content will vary 
directly with the spool switching displacement and inversely with 
The actuator 
noise content can be eliminated effectively by proper selection of 


the actuator area and the switching frequency. 
these variables. Switching frequencies of 165 to 250 eps have 
been used successfully with double-ended actuators of less than 
1 sq in. area. As switching frequency is increased, the flapper 
transit time becomes a larger per cent of the time for each half 
cycle. In addition, the delay from the time the square-wave 
signal is impressed on the torque-motor coil to the time the flapper 
These 


effects will limit the upper switching frequency value, because 


moves becomes a larger per cent of the half-cycle time. 
of their effects on valve performance. 
Gain. The valve useful flow Q is defined by the expression 


K 


s 


Q = Al « 


in. per sec 
where Ai = time unbalanes 


nondimensional 


This expression may be 
gain 


rearranged to give an expression for valve 
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. ( r At a ey J time unbalance 


Assuming that the spool moves at a constant velocity which is 
equal in both directions, a plot of spool displacement versus time 
reveals the spool activity to be triangular at the switching fre- 
quency. If a rectangular bushing slot is used, the valve gain is 
seen to be as in the foregoing; the spool-orifice flow gain times the 
spool velocity. The valve gain may be determined dynamically 
by instrumenting the valve spool properly such as to obtain 
measurements of the spool-orifice flow gain and the spool velocity 
while switching. Since both the maximum spool velocity and the 
spool-orifice flow gain vary with supply pressure, valve gain will 
be dependent on the hydraulic pressure at which the system 
operates. 

In an actual valve the maximum spool velocity is equal to the 
spool velocity while switching (normally measured with zero 
valve-input signal) providing the time required for the spool to 
reverse direction after each 
velocity is computed from: 


switch is negligible. The spool 


> = OF 
Imax = <)4; 


Usually, z,-, is 0.003 to 0.005 in. The time required for the 
spool to reverse its direction of motion when switching back and 
forth at the switching frequency is referred to as truncation time 
A limit is held on the truncation time to assure that the spool is 
moving freely in the bushing and not excessively rounding off 
the triangular spool position wave form. If the truncation is 
excessive, the assumption of maximum spool velocity being equal 
to spool velocity while switching with zero input would be erro- 
neous. Normally, the truncation is less than 5 per cent of the 
time for each switching cycle 

The dynamic valve gain also may be measured by operating 
the valve in a closed-loop servo, driving the valve with various 
amplitudes of a sinusoidal signal, and measuring the load-actua- 
tor peak-to-peak acceleration. This is accomplished by supply- 
ing a sinusoidal input of a given frequency to the system and 
varying the input amplitude to produce from 0 to 100 per cent 
time unbalance. By measuring both the actuator displacement 
and the valve-input signal and then dividing the displace- 
This 
gain is equivalent to the product of the valve driver gain, valve 
dynamic gain, actuator dynamic gain, and the actuator-poten- 


tiometer sensitivity This may be expressed as 


ment by the input voltage the open loop gain is obtained 


6, .. ae 4 
K 
€ s Ag * 

When all quantities in the equation except valve gain K are 
known, valve gain can be determined for any input amplitude 
By varying the input amplitude, the independence of valve gain 
on input-signal amplitude is demonstrated. 
valve gain realized in production 
to 1800 in */sec?/time unbalance. 

Valve Unbalance. 
null of the valve about its zero input operating point. It is 
specified in per cent of time unbalance. When the valve-driver 
gain is known, the valve unbalance may be measured as a d-c 
voltage at the input to the multivibrator when there is zero input 
to the test servo. An unbalance of less than +3 per cent is 
readily achieved on production valves. 

Leakage. AS valve leakage is measured while the valve is switch- 
ing at the nominal repetition rate with zero servo input. The 
higher the system switching frequency, the lower will be the 
leakage for a given spool velocity, for the spool will expose less 
area of the bushing ports during each cycle of operation as the 
frequency is in 


Typical values of 


valves vary from 70 


The unbalance refers to the symmetry 


vased. Therefore higher switching frequencies 
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can be used to reduce the valve !eakage and, at the same time, 
eliminate any possibility o! the actuator responding to the switch- 
ing frequency. The total leakage of the valve consists of (a) the 
hydraulic amplifier flow, and (b) the flow to the load as a result 
of spool switching activity at zero input. The total leakage at 
zero input as measured on a 4.6 cu in. per sec rated flow AS valve 
with 1850-psi valve drop is 0.63 cu in. per sec when switching at 
125 eps. Leakage of 1.14 cu in. per sec while switching at 140 
cps was measured on a 10.9 cu in. per sec rated flow AS valve at 
3000-psi drop. The leakage flow to the load is dependent on the 
spool-bushing null cut as discussed in the following 

Spool-Bushing Null. The null cut of the spool-bushing combina 


tion is important in an AS valve for two reasons: 
1 The linearity of the dynamic spool-orifice-flow gain curve 


will depend on the null cut. A null cut to the 
axis will give a constant slope to the curve of valve useful flow 


@ versus z 


versus spool displacement (Q/z const); underlap or overlap will 


cause the valve gain to vary with the input-signal amplitude 
2 Leakage while switching is affected by the null cut, an 
underlap causing greater leakage and an overlap causing less 


leakage than a null cut to the axis (zero over and underlap 


Transfer Function. The dynamic valve gain has been defined 


to be that of a pure integrator. This is an approximation which 
was sufficient for use in designing systems using low flow valves 
in high-response servos. However, in measuring the AS valve- 
frequency response, it is seen that the valve actually has a trans- 


fer function of 
Kr 
Ts + 1 

where rf is the hydraulic-amplifier time constant. The change of 
the valve-transfer function from an integration to a first-order 
lag occurs because of the flow-reaction forces acting on the valve 
spool. The hydraulic-amplifier time constant r is a function of 
the valve rated flow and can be predicted for any given valve 
(2, 4] 
that the hydraulic-amplifier time constant may be expressed as 


The larger the flow, the smaller r, is. It has been shown 


S? 
K, KWAP 
where 
aw) 
yAt 


K, = flow reaction-force coefficient 
og 
oP 


Ky = 


hydraulic-amplifier-orifice coefficient 


Therefore the time constant can be controlled by the spool 


diameter and the bushing slot width used Since it is desired to 
have the AS valve transfer function approximate that of an 
integrator over as much as possible of its operating-frequency 
range, the hydraulic-amplifier time constant should be as large as 
is convenient. This is accomplished by increasing the spool 
diameter and decreasing the bushing slot width (which increases 
Flow- 


force compensation, such as using a spool with shaped lands, will 


the spool travel necessary to produce a desired flow 


tend to nullify the flow forces, and should result in increased 
values of r. Another effect on the time constant has been noted 
Depend- 


ing on the care taken in the assembly of the torque motor and 


during assembly and test of groups of identical valves. 


balancing of the hydraulic amplifier, considerable variation in the 
predicted value of r could be obtained. If the valve time con- 
stant is of importance in a given system, the valve specification 
should require that the predicted and actual time constant be in 
agreement within certain limitations 
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Typical values of 7 obtained are Letween 0.05 and 0.50 sec, the 
larger values o Tf occurring in low-flow valves. A time con- 
stant of 0.14 sec is obtained for a valve with 1.8 gpm rated flow 
at 933-psi pressure drop across the valve [6]. The valve has a 
total bushing slot width of 0.114 in. and a '/,-in-diam spool. A 
valve with a rated flow of 0.33 gpm at 933-psi drop has a time 
constant of 0.38 sec, bushing-slot width of 0.080 in., and a '/,in- 
diam spool. 

So far, no comprehensive describing-function theory has been 
developed for the AS valve. However, the representation of the 
transfer function as a first-order lag is useful because it does 
allow prediction of closed-loop servo response with reasonable 
accuracy. 

Miscellaneous. A correctly adjusted AS valve is relatively 
immune gainwise to switching-frequency changes. Valves have 
been tested at repetition frequencies from 150 to 250 cps. The 
valve-gain variation was less than +1 db over this frequency 
range 

Elimination of the spool-centering springs obviates any changes 
in valve performance due to variations in spring forces or rates, 
or frictional side loads. 

The open-loop frequency response of a typical AS servo is 
shown in Fig. 6. The valve static gain was 85.4 cu in. per sec?, 
valve time constant 0.50 sec, valve-driver gain 0.03 time unbalance 
per volt, actuator area 0.18 sq in., and feedback-transducer 
sensitivity 63 volts per in. The lead network used in the feed- 
back path had a = 0.2 and 7, = 0.12 sec. 

Disadvantages. The increase in complexity of the servo elec- 
tronics due to the addition of the multivibrator to the amplifier 
and the increase in null leakage over linear flow-control-valve 
systems are the major disadvantages of an AS servo. However, 
it is felt that in many systems the increase in reliability, improved 
resolution, and the excellent elevated-temperature operation will 
more than offset the disadvantages. 

If load-position control is desired, it is necessary to insert a 
phase-correction circuit to compensate for the additional integra- 
tion of the valve within the servo loop. This compensation net- 
work may be placed in either the forward or the feedback path. 
If placed in the feedback path, the network also may serve to 
shape system-response characteristics. In a velocity-control 
servo, the AS valve provides the necessary integration to provide 
essentially zero steady-state velocity errors 


Conclusion 


Nearly one hundred acceleration switching valves have been 
built. These have been used by several customers in various 
position and velocity-control systems. Considerable develop- 
ment testing has been conducted on these valves in an effort to 
understand the mechanism of the acceleration switching con- 
cept. The advantages and disadvantages have been observed 
and additional areas to be studied have been discovered. The 
analysis of the valve-transfer characteristics can be studied 
further, particularly with respect to using flow-force-compensated 
spools to provide larger values of the hydraulic-amplifier time 
constant. Possibly a describing-function theory such as has been 
developed for linear valves can be derived for AS valves. The 
effects of structural and fluid compliance on the AS servo per- 
formance and band width should be studied in detail 

It is felt that the characteristics of the AS valve and the time- 
modulation concept present potential advantages to the electro- 
hydraulic-system designer. It is with the intention of setting 
forth the collected results of some of the lessons learned that this 
paper is presented. It is hoped that the device may prove to be 
beneficial in surmounting the linearity and reliability problems 
often encountered in the use of linear servo valves. 
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DISCUSSION 
J. E. Gibson? and F. B. Tuteur® 


The author is to be complimented on this presentation of the 
pulse-length-modulated (PLM 
mode of valve operation 


or acceleration-switching (AS) 
It is gratifying that someone has 
finally produced solid experimental evidence to back up the claims 
of increased reliability, and so on, that previously had been made 
for this type of valve operation on a more or less theoretical 
basis. The method was apparently developed independently 
about ten years ago by Jackson‘ and five years ago by Chub- 
buck, and is presently utilized in valves produced commercially 
by at least two firms. The principle is also outlined in a recent 
text co-authored by the writers.® 

The reasons for suggesting the name “‘pulse-length-modula- 
tion” in this text and in the author's reference [5], perhaps de- 
serve some explanation. Both the mathematics and the physics 
of the PLM principle carry over into the operation of hydraulic 
valves and cross fertilization of techniques from other areas is al- 
ways fruitful. More important, however, is the lack of generality 
of the term “acceleration switching.”’ The principle of operation 
is not dependent on acceleration switching. The author, quite 
correctly, has shown that the “per cent time unbalance’”’ controls 
the acceleration of an ideal, unloaded piston, in the absence of 
flow-reaction forces. But in the practical valve the integration 
becomes a time constant. Moreover, as was shown in the author’s 
reference [5], PLM operation is entirely practical in valves with 
spring-restrained pistons. Here, even in the ideal, the first stage 
Thus PLM is a 


more general and, we hope, more descriptive term. 


or driver does not produce piston acceleration. 


The author apparently concurs with proposed advantages of 
the me&hod listed by the writers (reference [5] of the author), ex- 


2 Associate Professor of Electrical Engineering, Purdue University, 
Lafayette, Ind. 

3 Associate Professor of Electrical Engineering, Yale University, 
New Haven, Conn. 

‘K. R. Jackson, U 


8. Patent No. 2,655,940, 1950. 

’J. G. Chubbuck, ‘Acceleration Switching Hydraulic Servo,” 
The Johns Hopkins University, Applied Physics Laboratory Report, 
May, 1955. 

¢ J. E. Gibson and F. B. Tuteur, ‘‘Control Systems Components,” 
McGraw-Hill Book Company, Inc., New York, N. Y., 1958. 
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cept perhaps with number 6, tolerances. It would be most 
enlightening to hear the author’s comments on manufacturing 
tolerances and cost. It was our thought that a simple, single- 
stage valve driven by a simple rugged mag amp to operate in the 
PLM mode would result in economical manufacture. The author 
states that in his valve, inlet orifices must be selected more care- 
fully and spool bushings must be cut for zero lap. These facts 
along with the rather elaborate electronic driver required would 
seem to place the valve in the luxury category. 

It seems to us, however, that while it is undoubtedly true that a 
linear flow-gain curve can be obtained only with a zero-lapped 
spool, this is no less true in a valve operated in a continuous 
mode. Also, if a valve has overlap, it will show an actual dead 
band when operated in a continuous mode, while for operation in 
the PLM mode there would be only a reduction in flow gain, at 
least as long as the amplitude of spool oscillation exceeds the 
overlap length. The increase of leakage obtained with an 
underlapped spool is also at least qualitatively the same for both 
modes. Thus we feel that the requirement for careful lap adjust- 
ment should not be charged against the PLM mode of operation 
since the PLM mode is no worse than the continuous mode for 
underlap, while for overlap it is actually better. 

The same argument applies to the exactness with which inlet 
orifices have to be matched. It seems to us that for both operat- 
ing modes a mismatch in orifice holes will result in some valve un- 
balance, which must be compensated for by a small offset signal 
We would be very much interested in a further statement by the 
author as to why this problem should be worse in the PLM mode 
than in the continuous mode of operation. In connection with 
this, is it not true that the superior performance of the PLM 
mode in regard to center shift as a function of temperature and 
pressure is primarily due to the accurate match between inlet 
orifices? 

A disadvantage not mentioned by the author is that the square- 
wave switching signal applied to the valve torque motor results in 
very high voltage pulses because of the inductance of the torque- 
motor winding. This was found to be particularly serious when 
the switching method was applied to single-stage solenoid valves 
Voltage spikes of such magnitude were produced that the coil in- 
sulation broke down. Also, the voltage pulses were picked up by 
sensitive preamplifier stages in the servo loop and caused all sorts 
of malfunctioning. It was found, however, that by connecting 
a suitable value of capacitance and resistance across the coil, the 
voltage pulse could be reduced considerably without affecting the 
current wave shape within the coil too much. This problem is 
not so serious with torque motors used to operate a first-stage 
flapper valve since the inductance is much smaller than that of a 


solenoid. 


G. A. Levine’ 

The paper very nicely describes the concept and characteristics 
The item not 
brought out, though, is that the ASV system is not just a labora- 
tory curiosity but an item currently employed in some of the Navy 
BuOrd guided-missile programs. Rather than delve into “Why 
acceleration switching?” the following discussion will highlight 
several current applications with the special qualities brought out 
by the ASV system. 


(a) In a homing antenna problem, the original system required 


of the acceleration switching servomechanism. 


dither as well as spinning of the valve spool in order to obtain the 
necessary resolution. Owing to the very small force requirements, 
and the inability to manufacture sufficiently small metering 


slots, a total spool stroke of 0.005 in. produced the maximum 


7 Mechanical and Hydraulics Project (Bumblebee Controls Group), 
Applied Physics Laboratory, The Johns Hopkins University, Silver 
Spring, Md. 
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flow. The valve was thus required to operate with minimum 
spool stroke measured in ten thousandths of an inch. The 
switching servo was introduced in this application and demon- 
strated hysteresis-free operation with the required resolution 
Subsequent tests in the laboratory, with a pickup mounted on the 
spool, showed capability of following a sinusoidal command with 
a spool motion of 40/1,000,000 of an inch 

(b) The success of the antenna application led to the con- 
sideration of the ASV for a flight-control The 
special problems here were: (1) Desirability for positional dy- 
namic resolution of 500:1; (2) handle a severe mechanical, struc- 
and (4) 
operate in an extreme high-temperature oil and ambient environ- 
ment 


servo system 


tural resonance; (3) overcome a large and random load 


The resolution was demonstrated in the first application, As 
pointed out by the author, the system has theoretically® infinite 
steady-state load stiffness due to the spool integration By proper 
servo design, the band pass can be made equal to or greater than 
the load resonant® frequency. The last item of concern was high- 
temperature qualities. Since the valve has been converted into a 
high force level mechanism with no basic intelligence function, it 
should be ideal in high-temperature systems. There are no 
springs which can relax, and change valve gain, plenty of fores 
to scrape varnished oil off the spool and sleeve, constant spool 
motion to prevent build-up of sludges, wet torque-motor design 
providing cooling to the coils, insensitivity to charging permeance 
of the magnets (as long as the electromagnetic force produces 
flapper motion), and insensitivity to relative motion between flap- 
High-temperature tests!® with 400 to 500 F oil 


temperatures and ambient temperatures reaching 700 F 


per and nozzles. 
have 
demonstrated the excellent characteristics of this valve Bias 
shifts appear to be around 5 per cent and gain changes are equally 
small 

(c) Carrying out various research and development projects 
often requires use of high-force level or high-speed servos Two 
such applications in which ASV servos are being used are in con- 
junction with thrust-vector control of the exhaust jet of a rocket 
nozzle. In one of these applications, the engine fuel is 90 per cent 
hydrogen peroxide, which is extremely dangerous when in prox- 
imity with oils. The servo was thus required to operate with dis- 
tilled water as the fluid. This servo, using a stock wet-coil valve, 
has been used during the past 6 months with no apparent degra- 
dation of performance. Another servo has been used mounted on 
the exhaust cone of a rocket engine, which has a rather severe 
While this is not ex- 
ceptional for hydraulic servos, it has demonstrated that the ASV 


the test 


vibration and temperature environment. 
system can “‘take it’ in true environments as well as iv 
laboratory 

What then are the drawbacks? 
we, more complicated electronics, lead network, lack of perfect 


The author lists higher leak- 


spool integration due to the Bernoulli spring force, and to this is 
added the possibility of switching activity exciting line resonance 
a lead-lag 


as problems. Focusing attention on the electronics 


network is required to stabilize a system whose open-loop transfer 


” 


function approximates a (K /s? This network is composed of 
two resistors and one capacitor, which can hardly be considered 


The differs 


drivers in that it produces a series of current square waves which 


complex valve driver from conventional valve 


are time unbalanced as a function of signal input, instead of a dif- 


*W. Seamone and L. A. Wenrich 
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ferential current output proportional to voltage input. The 
vacuum-tube version requires four subminiature tube bottles in- 
stead of three, the extra element being the multivibrator. This 
electronic disadvantage is equalized if the linear valve system re- 
quires dither. Development work is progressing at APL/JHU to 
make a transistorized driver which may simplify the electronics 
further. 

The effect of Bernoulli force in canceling out the spool integra- 
tion becomes significant in higher flow servos (3-5 hp and up). 
This is especially true if the servo band pass is less than about 
8-10 eps, since the time constant cannot be ignored in calculation 
of the closed-loop frequency response. An experimental spool, 
contoured" for reduction of these forces, has been procured and 
as soon as manpower becomes available will undergo a series of 
experiments to determine if this effect can be minimized for high 
flow valves 

In conclusion, for a hydraulic servo less than 3-5 hp, the ASV 
has demonstrated: 

1 Superior resolution. 

2 Less sensitivity to external loads. 

3 Less sensitivity to environmental extremes, these being (a 
acceleration, (b) vibration, (c) temperature. 

4 Stable operation with the servo band pass equal to or ex- 
ceeding the load resonant frequency without any major modifica- 
tions 


5 Good reliability due to high force levels involved 


W. Seamone?? 


The author is to be congratulated on his excellent discussion of 
the techniques involved in the acceleration-switching servo- 
mechanism. This type of servomechanism has undergone ex- 
tensive theoretical and experimental studies at the Applied 
Physics Laboratory in order to define more precisely its dy- 
The 


results of recent studies will be outlined briefly and may help 


namic characteristics under various operating conditions. 


clarify some of the points discussed by the author. 

Servo torque stiffness has been examined for both linear flow 
control and acceleration-switching servos over the frequency spec- 
trum from zero to 50 eps. These servos were of comparable band 
width and were compared on the basis of unit positional error per 
externally applied dynamic load. The results of thece tests in- 
dicated the static torque stiffness of the acceleration switching 
servo was approximately an order of magnitude greater than for 
the conventional linear system. However, since there is an inte- 
gration involved in achieving this high torque gain for the switch- 
ing case, the torque stiffness drops off with frequency and is 
approximately the same as for the linear servo over most of the 
frequency spectrum above 2 to 5 eps.® 

The author has raised the question on the effect of fluid com- 
pliance on valve performance. A theoretical study has been 
made of the effects of hydraulic dynamic pressure fluctuations in 
the supply line to the transfer valve. The pressure fluctuations 
are generated by the sudden changes in flow across the spool edge 
at the spool switching frequency. The results of this study have 
indicated a small-amplitude, limit-cycle oscillation can exist in 
the valve if the acoustic frequency of the line coincides with the 
multivibrator switching frequency. The presence of a hydraulic- 
line resonance condition has been shown to affect the valve time 
constant and may account for some of the variations in valve 
time constant noted by the author. The problem of hydraulic 

1t Shih-Ying Lee and J. F. Blackburn, ‘Steady-State Axial Forces 
on Control-Valve Pistons,’’ Trans. ASME, vol. 74, 1952, pp. 1005- 
1011. 

12 Project Supervisor, Mechanical and Hydraulics Project (Buin- 
blebee Controls Group), Applied Physics Laboratory, The Johns 
Hopkins University, Silver Spring, Md 
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resonance is avoided by designing the hydraulic connecting cir- 
cuitry such as to separate the acoustic line frequency and multi- 
vibrator switching frequency. A complete report on this sub- 
ject is currently in preparation. 

One of the serious problem areas confronting many servo de- 
signers is the limitation of servo band width imposed by a 
Application of some new techniques recently de- 
veloped at the Applied Physics Laboratory has shown considera- 
ble promise in extending allowable servo band width. These 

] 


techniques have been applied to the acceleration switching servo 


resonant load. 


driving a highly resonant load and have resulted in the attain 
ment of servo band width in excess of the load resonant frequency. 
Stable control is achieved by the judicious selection of system 
parameters and does not require any additional components or 
circuitry to the system. This technique is currently being given 
extensive theoretical and experimental treatment and will be the 
subject of a technical paper in the near future. 

Several questions have been raised concerning potential prob- 
lem areas in the use of an acceleration-switching-type system. 
The results of many hundreds of hours of testing during develop- 
ment and usage of this system at the Applied Physics Laboratory 
will be reviewed to show to what extent problems actually have 
materialized. 

Effect of Valve Switching Activity. Owing to the double integra- 
tion in the forward loop of the servo, the actual switching activity 
on the actuator is generally negligible. There is no apparent in- 
crease in wear on the actuator seals and no noticeable hydraulic 
line vibration in current applications. Systems have been in 
operation for many hundreds of hours and have indicated no ap- 
preciable increase in leakage or change in performance during this 
period, thus making this system ideal for systems requiring long 
life. 

A machine-tool acceleration switching servo (milling machine) 
has been used for intermittent operation at APL for over a vear 
with excellent performance and reliability. 

Flapper Bias. The question has been raised concerning effects of 
flapper mechanical bias on valve bias. Again, experience has 
shown the valve to be very insensitive to any flapper changes as 
evidenced by achieving less than 3 to 5 per cent valve-bias change 
on production valves under all types of operating conditions of 
temperature, vibration, acceleration, and so on. 

Reliability. The over-all reliability of the servo has been demon- 
strated in many ways: 

(a) Servos have been operated for many hours without the 
benefit of filters between the pump and the servo valve (the up- 
No degra- 


under these 


stream orifices are protected internally in the valve). 
dation or unreliable operatior has been observed 
conditions 

b) The addition of a 2-lb friction block to the spool has shown 
negligible effect on valve operation. The only effect is the slight 
truncation of the triangular wave form of the spool. This added 
friction does not add hysteresis or dead space to the valve 

Actual Problem Areas. During the course of development of the 
ucceleration-switching system, three serious problem areas have 
required solutions: 

(a) Early models of switching valves exhibited a bouncing of 
the flapper upon contacting each nozzle. The net effect was to 
This problem 


redesign of the torque motor by the 


make the valve gain sensitive to repetition rate. 
has been eliminated by 
valve manufacturer. 

b) The feedback linkage must be free of dead space to avoid 
low-amplitude, limit-cycle oscillation as a result of the double 
integration in the loop 

c) The hydraulic connecting circuitry to the valve must not 
have the oil acoustic frequency coincide with the multivibrator 
switching frequency, otherwise this coupled resonance condition 
will cause a limit-cycle oscillation. This 


condition must be 


Transactions of the ASME 





avoided by proper design of the connecting circuitry to separate 
the two frequencies 

In summary, the advantages of the acceleration-switching 
servo have outweighed the problem areas in specific applications 
at the Applied Physics Laboratory. The servo designer is en- 
couraged to include this type of servo along with the conventional 
linear systems to broaden the techniques from which he may 
choose in his design of future systems. 


J. L. Shearer'* 


This well-written paper gives a good picture of the state of the 
art in this field. It is interesting to note the extreme care re- 
quired in selection of fixed upstream orifices in order to avoid 
null shift caused by dissymmetry of flapper-valve, bridge-flow 
characteristics. It would appear that unequal leakage effects at 
the ends of the spool valve also might cause comparable diffieul- 
ties. 

In connection with the double integration claimed for AS 
valves, it would appear that the second integration due to the 
action of the spool valve would be subject to the same imperfec- 
tions as in a conventional valve; i.e., droop in flow due to in- 
crease in load pressure. 

It would appear that the effects of flow forces in the spool valve 
on the operation of the first stage have not been evaluated fully 

All-in-all, it is difficult to visualize how an AS valve is ap- 
preciably better or easier and cheaper to make than a conven- 
The ac- 
celeration-switching technique does, of course, provide a means 
of obtaining high-level dither to minimize the effects of static fric- 
tion throughout the system. 


tional high-performance electrohydraulic servo valve 


It might be worth while investigat- 
ing what happens to the effects of magnetic hysteresis in the 
torque motor in an AS valve as a result of this dither. 


Author's Closure 


The discussers have been very generous with the additional 
information which they have contributed The relating of their 
experiences in AS valve and systems design has greatly added to 
the value of this paper. I am grateful to them for their com- 
ments, 

First, a few remarks in regard to AS valve manufacturing tol- 
erances and costs are in order. The author’s opinions are based 
on his experience with AS valve design to meet customer specifi- 
cations. It is not denied that a simple valve design could be 
realized which would result in reduced cost, particularly if a design 
which is not limited to flow control valve design concepts is de- 
It is agreed that a satisfactory PLM valve can be made 
relaxed tolerances. It is 


veloped 
using the customer specifications 
which the valve performance must meet that dictates the toler- 
Until such time as system 
designers contemplating the use of PLM have become sufficiently 
familiar with the characteristics of such systems so as to avoid 


ances, test operations, and total cost. 


over-specification of the valve performance, and until such time 
as a new simple valve design is evolved no major manufacturing 
costs reductions can occur 

The AS valves built by the author were modifications of ex- 
isting servo valve designs. Because of the newness of this un- 
conventional approach, the parameters of the systems for which 
these valves were to be used, such as switching frequency and 

18 Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Mem. ASME, 
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driver current amplitude, could not be firmly established. There 
fore, a generalized type of AS valve had to be produced which 
would provide both constant acceleration gain and minimum 
valve unbalance for switching frequencies from 140 to 190 cps and 
driver currents from 12 to 19 ma. To meet such requirements 
much valve adjustment and testing was necessary. In additior 
it was desirable that the acceleration gain remain constant for : 
valve inputs from 0 to 100 per cent time unbalance. This neces 
sitated close tolerances on the spool-bushing null, the slot widt! 
and the inlet orifices. Spool bushing fits were also controlled to 
achieve low friction and small truncation times. When faced 
with this type of specification for an undefined system, the valv« 
manufacturing and testing costs cannot be minimum. However 
if a system is designed to use a specific switching frequency and 
driver current, if the linearity of gain with time unbalance r 
quirement is reasonable, and if the leakage is not of primary con 
cern, then certainly some cost reduction should result 

An AS valve with overlap will show more than a reduction in 
With 
the spool oscillation amplitude greater than the overlap length 


flow gain as mentioned by Professors Gibson and Tuteur 


a nonlinear rate of change of flow with input amplitude is ob- 
Thus ‘ 


smaller gain is obtained for small inputs than for large inputs 


tained, the flow gain increasing with input amplitude 


Concerning the exactness in matching inlet orifices, a mismatch 
which is tolerable in a flow control valve gives an exaggerated 
time unbalance in the AS valve. In a standard servo valve, th 
first stage is rate canceled so that an inlet orifice mismatch will 


With an 


a mismatc! 


result in the flapper seeking an off-center null position 
AS valve, the inlet orifices control the spool velocity 

results in unequal spool velocities as the spool oscillates, causing a 
valve The effects are 
modes; however, the PLM valve with spool springs may behave 
differently than the AS valve 
ing is important to center shift as a function of pressure and tem 
perature. However, the independence of AS valve 


from the flapper position between the nozzles, 


unbalance not equivalent in the two 


It is true that inlet orifice match- 

enter shift 
as temperature 
varies because of the nonlinear nature of the first stage opera- 
tion, is also a primary factor in the superior performance of the 
PLM mode 


matching of inlet orifices is not so critical as was thought at the 


Recent AS valve development has shown that th 
time this paper was written Present production has relaxed 
the accuracy of mismatch by an order of magnitude which is 

step toward reduction of manufacturing costs 
Break-down of coil insulation due to the switching volt igi 
spikes may be a disadvantage of the single-stage solenoid PLM 
valve, but it has never occurred in the two-stage valve torque 


motor. The coil insulation used was the same as in the standard 
servo valve. No trouble with voltage pulse pick-up occurred 
either, probably because of the attention given to the multi- 
vibrator and amplifier design by the group at the Applied Physics 
Laboratory of Johns Hopkins University 
Leakage effects at the ends of the spool are probably non 
existent because of the very low differential pressure between tl 
spool ends and the return lines. In answer to Protessor Shearer's 
comments regarding the dearth of advantages which accrue fron 
the ASV system, I believe the abundance of s) 
presented by Messrs 


proven the claims made for the method 


stems test results 


Levine and Seamone have idequate!] 
Actual experience | 
the development of an acceleration switching system would pro 
vide verification of the predicated periormanee tor anvone 


ested. 


inter 
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Theoretical and Experimental Analysis of 
Hydrodynamic Gas-Lubricated Journal 
Bearings’ 


J. A. COLE AND J. KERR.? Additional references might usefully 
be included in the authors’ introduction surveying earlier work 
on gas lubrication. The pioneer work of O. C. Brewster (1, 2)* 
deserves a mention, and also the comprehensive investigation by 
G. W. K. Ford, D. M. Harris, and D. Pantall (3), which includes 
Y. Katto and D. Soda 
(4) have given a theoretical solution for the infinitely wide iso- 
thermal bearing, and V. Constantinescu (5, 6) has worked on the 
theory for infinite and finite bearings, considering both isothermal! 
and polytropic flow regimes. 


experimental results with several gases. 


Several points arise regarding the authors’ computational pro- 
cedure. The boundary conditions are not stated explicitly, but 
are obviously that the film pressure equals the ambient pressure 
at the bearing sides: Was the computing procedure also ar- 
ranged to exclude film pressures below the absolute zero of pres- 
sure? The iteration procedure for @ seems unnecessary: Could 
not this have been avoided by taking the origin 6 = 0 at the point 
of maximum film thickness, then resolving the film pressure 
forces in directions parallel and perpendicular to the line of 
centers, and finally calculating load capacity and attitude angle 
from these components? In this connection, it appears from a 
comparison of Figs. 4 and 6 that film pressure generation com- 
mences in the diverging film, some 18 deg before the maximum 
film thickness position: Is this correct? 

The expression of the results in terms of the conventional 
Sommerfeld number (Fig. 5) is very helpful to those accustomed 
to incompressible fluid lubrication. The ambient pressure is 
not stated, but is presumably atmospheric. However, the analy- 
sis of the infinitely wide bearing by Ausman, authors’ reference 
(8), leads to the result: 


for moderate eccentricity ratios, S being the conventional Som- 
merfeld number based on load pressure, and 5S the modified 
Sommerfeld number based on ambient pressure. From this, it 
appears that eccentricity ratio and Sommerfeld number are not 
directly related even at a fixed value of the ambient pressure, 
since viscosity and speed occur separately (in 5). The authors’ 
comments on this situation would be appreciated. 

Since a compressible viscous fluid sheared in a converging film 
would be expected to generate lower pressures than an incom- 
pressible fluid, the result in Fig. 5 that for L/D = 1.5 the 
compressible case gives a higher load capacity than the incom- 
pressible case is very surprising. Is this due to the modified 
attitude-eccentricity locus? 

The reference to turbulence is rather mystifying and calls for 
elaboration: How is turbulence taken into account when solving 
the simplified Navier-Stokes equations, and what are the results? 

The question of the index n used in the pressure-density rela- 


' By B. Sternlicht and R. C. Elwell, published in the May, 1958, 
issue of Trans. ASME, vol. 80, pp. 865-878. 

? Department of Scientific and Industrial Research, Mechanical 
Engineering Research Laboratory, Glasgow, Scotland. 

* Numbers in parentheses designate References at the end of this 
discussion. 
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tion p © p” is of fundamental importance to the subject, and the 
value of the paper would be enhanced if the authors would give 
their results for the case n = 1, and, if available, for values of n 
between 1 and 1.4. It seems very unlikely that the value n = y 
would apply to a flow regime involving viscous friction. 

The experimental results are of particular interest to the 
writers, as they have recently published (7) results obtained with 
The two 
investigations agree, on different grounds, that bearings of con- 


l-in-diam bearings at speeds up to 60,000 rev/min. 


ventional clearance ratio (0.001) operating in atmospheric air 
should carry approximately 1 lb/sq in. load per 1000 rev/min. 
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Authors’ Closure 


The authors wish to thank Messrs. Cole and Kerr for the 
added discussion which they have submitted on our paper pub- 
lished in the ASME Trans., May, 1958. The added references 
they presented are most valuable and serve as an additional 
bibliography on hydrodynamic gas bearings. 

With reference to the boundary conditions, our paper presents 
results for atmospheric pressures at the ends of the bearings. 
We do not understand the question raised about pressures below 
absolute zero; we assume that Messrs. Cole and Kerr mean 
pressures below 14.7 psia, and our results show pressures below 
11, 12, 13, and 14). 
below atmospheric in hydrodynamic gas bearings act to raise the 


atmospheric (e.g., Figs. 4, These pressures 


load carrying capacity, for they create suction. This is one 
reason why compressible theory yields a higher load carrying 
capacity than incompressible theory. It is possible to eliminate 
the iterative procedure for a; in fact, many of the cases were 
solved in this manner. However, the computer program is set 
up for the solution of grooved and partial bearings and, in this 
case, the iteration of @ is more convenient. The question of 
pressures above atmospheric in the diverging part of the bearing 
ahead of the maximum film thickness is being further investigated 
The origin of these atmospheric pressures may not have been 
sketched too accurately in Fig. 4. These curves were sketched 
from 12 calculated points 30 deg apart, since the mesh size used 
in calculations was 12 X 12. Tests, however, show (Fig. 12) 
that ahead of maximum film thickness, pressures above atmos- 
pheric are indeed present. We are, therefore, in the process of 
calculating on IBM 704 some additional cases using a finer mesh 
(m Xn = 72 X 36). 

Messrs 


This will be reported in a future paper. 
Cole and Kerr’s reduction of Mr. Ausman’s results 


Transactions of the ASME 





for infinitely wide bearing [reference (8)] appears to be in error. 
It should read 


We have shown in our paper that for ambient pressures at the 
bearing ends, a dimensionless parameter involving the Sommerfeld 
number can be used. This parameter allows calculation of the 
compressible Reynolds equation to the same form as that em- 
ployed for incompressible fluids (Equation [4] and [6] In this 
process, the h* term is being replaced by p h* and the existence 
further 
shown that equation [6] can be written in another form (equation 
We have, 
therefore, clearly shown that for atmospheric pressure at the 
ends of the bearing the eccentricity ratio is a function of the con- 
ventional Sommerfeld number 


of pressures below atmospheric is permissible. It is 


[17]) where the effect of ambient pressures is seen. 


It is well known that compressibility raises the load carrying 
capacity as shown in Fig. 5 
earlier. 


One reason for this was pointed out 
It is quite surprising that Messrs. Cole and Kerr 
question this point. Calculation of some of their own experi- 
mental results [reference (7) of their discussion] will confirm this 
point 

When Fig. 6 of our paper is compared with the results for 
laminar and super laminar speeds [reported in reference (9)] it 


is seen that our eccentricity locus resembles that for the turbulent 
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condition more closely than it does that for the laminar condi- 
tions. This observation, however, should not be taken to imply 
that our solution is valid for turbulent conditions. It is interest 
ing to note also, from reference (9), that the load carrying capacity 
obtained there is higher under turbulence than it is under laminar 
conditions, for an isothermal path. The compressible hydro- 
dynamic gas bearing has also higher load carrying capacity than 
does the incompressible laminar condition. Since many hydro- 
dynamic gas bearings operate at high Reynolds numbers, it is 
recommended that 


when the Reynolds number is above transition. 


inertia effects be included in the analysis 

We were pleased by the interest expressed by Messrs. Cole, 
Kerr, and others, in the variation of the index n of the pressure- 
density relationship. We are in fact presently preparing a paper 
in which n is varied between 1 to 1.4 and in which the energy and 
Reynolds equations are solved simultaneously using a 72 X 36 
grid. We expect this paper to be published within the next few 
months 

It was also gratifying to see that Messrs. Cole and Kerr arrived 
it the same results we did, in establishing design criteria for load 
carrying capacity of hydrodynamic gas bearings operating in 
atmospheric air 

The comments which we received from the various discussions 
were stimulating 


most The interest shown in our paper has 


encouraged us to write the afore-mentioned second paper on 
hydrodynamic gas bearings, in which we will cover several of the 
points raised in the discussions and present additional information 


on this subject 
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